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Compressed Air Energy Storage
Abstract
This paper outlines the design of a compressed air energy storage (CAES) system. The goal of this project was
to develop a CAES system that could produce 1 MW of power that is both thermally efficient and financially
viable. We developed four processes that each contains variations from the preceding process in order to
explore different possible arrangements to maximize efficiency and feasibility.
The processes described were designed to take advantage of the price differences between off- peak and on-
peak electricity. Each process compresses air for 20 hours and expands air over 4 hours, allowing for
continuous daily use. The processes contain a four-stage multi-stage compressor to compress air to 1,500 psia.
Multiple stages of compression allowed for the air to be cooled between stages, and the heat of compression
was captured using pressurized water. In each case, the pressurized air was stored in above-ground storage
vessels.
The base case process involves four stages of compression followed by four stages of expansion. Multiple
stages were chosen so that preheating could take place in heat exchangers before air entered each turbine in
order to maximize energy efficiency. The preheating was done with the hot water generated during the
compression stages. Under our selected operating conditions, the base case had an efficiency of 34.4% and a
-13.72% financial ROI.
Following the base case are three variations which explore different process modifications to determine their
impacts on efficiency and financial return. The first variation re-analyzes the base case but attempts to account
for heat losses from the water tank which may occur when the pressurized water is stored. This heat loss case
achieves an efficiency of 28.76% and an ROI of - 13.75%. The second variation explored variation involved a
single-stage turbine with preheating done by the heated water. This single stage turbine case was the most
inefficient process outlined, with an efficiency of 21.39% and an ROI of -13.68%.
The last variation similarly utilizes a single-stage turbine but preheats the air using the exhaust from a gas
turbine. This process was the most economical and the most efficient due to the high temperature of exhaust
produced as well as the added energy production of the gas turbine. The efficiency of this gas turbine case was
33.7% with a -12.46% ROI.
Though none of our cases were profitable within the constraints of the project charter, the gas turbine case was
the most optimistic. Due to the improvement in ROI in the gas turbine case in addition to the improved
process feasibility associated with it, we recommend that future research into compressed air energy storage
pursue a process that involves a combination of airand gas turbines to achieve maximal energy output, highest
project feasibility, and greatest financial return on investment.
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University of Pennsylvania April 15, 2014 
Department of Chemical and Biomolecular Engineering 
School of Engineering and Applied Science 
220 South 33rd Street 
Philadelphia, PA 19104 
  
Dear Professor Fabiano and Dr. Shieh, 
  
This spring, our senior design team was tasked with designing a compressed air energy storage 
(CAES) process. The project charter called for a CAES system that would produce 1 MW of 
power over a number of hours. The stored energy could come from either conventional energy 
resources or from renewable resources. In order to make the process profitable, we take 
advantage of the price discrepancy of electricity between peak and off-peak hours. We therefore 
store energy by compressing air during off-peak hours and release energy by expanding air 
during peak pricing hours. 
 
The processes presented all contain a four stage compression process. Different processes 
explore expansion through different amounts of turbine stages. Additionally, the air leaving the 
pressurized vessel in each process is preheated before entering the turbine. We have outlined 
various different methods of preheating in order to evaluate the method with highest efficiency 
as well as the most economical model. 
 
After careful examination of all systems created, it has been found that none of the processes 
have a positive return on investment. The capital costs for this process are too high given the 
small-scale power output desired in the problem statement. The last process explored, which 
involves preheating the compressed air with natural gas, is the most efficient and has the least 
negative return on investment of approximately -12.5%. As a result, we recommend that future 
studies into CAES begin with this combination of gas and air turbines. 
 
In this report please find a detailed description of our process, an analysis of our costs and 
efficiencies, and recommendations for further exploration. 
 
Sincerely, 
 
 
Jonathan Chou Avital Szulc Lingkai Tang Xu Yu Zeng 
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1. Abstract 
 
This paper outlines the design of a compressed air energy storage (CAES) system. The goal of 
this project was to develop a CAES system that could produce 1 MW of power that is both 
thermally efficient and financially viable. We developed four processes that each contains 
variations from the preceding process in order to explore different possible arrangements to 
maximize efficiency and feasibility. 
 
The processes described were designed to take advantage of the price differences between off-
peak and on-peak electricity. Each process compresses air for 20 hours and expands air over 4 
hours, allowing for continuous daily use. The processes contain a four-stage multi-stage 
compressor to compress air to 1,500 psia. Multiple stages of compression allowed for the air to 
be cooled between stages, and the heat of compression was captured using pressurized water. In 
each case, the pressurized air was stored in above-ground storage vessels. 
 
The base case process involves four stages of compression followed by four stages of expansion. 
Multiple stages were chosen so that preheating could take place in heat exchangers before air 
entered each turbine in order to maximize energy efficiency. The preheating was done with the 
hot water generated during the compression stages. Under our selected operating conditions, the 
base case had an efficiency of 34.4% and a -13.72% financial ROI. 
 
Following the base case are three variations which explore different process modifications to 
determine their impacts on efficiency and financial return. The first variation re-analyzes the 
base case but attempts to account for heat losses from the water tank which may occur when the 
pressurized water is stored. This heat loss case achieves an efficiency of 28.76% and an ROI of -
13.75%. The second variation explored variation involved a single-stage turbine with preheating 
done by the heated water. This single stage turbine case was the most inefficient process outlined, 
with an efficiency of 21.39% and an ROI of -13.68%. 
 
The last variation similarly utilizes a single-stage turbine but preheats the air using the exhaust 
from a gas turbine. This process was the most economical and the most efficient due to the high 
temperature of exhaust produced as well as the added energy production of the gas turbine. The 
efficiency of this gas turbine case was 33.7% with a -12.46% ROI. 
 
Though none of our cases were profitable within the constraints of the project charter, the gas 
turbine case was the most optimistic. Due to the improvement in ROI in the gas turbine case in 
addition to the improved process feasibility associated with it, we recommend that future 
research into compressed air energy storage pursue a process that involves a combination of air 
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and gas turbines to achieve maximal energy output, highest project feasibility, and greatest 
financial return on investment.  
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2. Introduction 
 
2.1.  Project Background 
 
In this day and age it is becoming increasingly important to develop technology to allow for the 
integration of renewable energy sources into the energy mix as well as to improve old 
technologies and develop new ones to allow for a steady supply of power to the grid. Batteries 
are often utilized for small-scale applications, but CAES has the potential to be particularly 
advantageous for large-scale schemes.  
  
A highly efficient and economic CAES system would help integrate renewable energy sources 
into our current energy supply by helping intermittent sources such as wind and solar deliver 
steady power supplies to the grid. The energy produced by the intermittent source can be pumped 
into a storage vessel and later fed to the grid at a steady output rate via turbines. 
          
As renewable energies can often cost more to produce per kW-h, CAES can also be offered as a 
monetary incentive to produce these clean energies by using CAES for price arbitrage. A power 
supply can be pumped into a storage tank at night or during off-peak hours when electricity is 
inexpensive, and it can be fed back to the grid during the day or during peak hours when 
electricity prices are highest in order to maximize profit. This strategy is most profitable in 
regions where there is a large disparity between peak and off-peak industrial electricity prices. 
          
In typical compressed air energy storage systems, the compressed air is usually stored in 
underground salt caverns. These salt caverns are usually huge and are capable of storing 
hundreds of megawatts of power. On this large a scale, CAES is a relatively affordable 
technology. In this report we will explore the feasibility of a small-scale CAES system.  
 
Lightsail, a small start-up company led by Danielle Fong, claims they have achieved seventy 
percent thermal efficiency in an aboveground, small-scale CAES system by using water to 
capture heat generated during compression and having the compressor become the expander and 
the motor become a generator during the expansion process. 
 
In these designs, we have modeled an above ground CAES system inspired by Lightsail’s model. 
While we do not use water spray to capture the heat generated, we do explore processes that try 
and use heat created during the compression process.   
 
As noted above, much research is being conducted to explore ways to use this technology to 
mitigate issues with renewable energy sources. One of the issues with these sources is that they 
do not produce a constant power output throughout the day. In designing our CAES processes we 
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have assumed a constant power input to the compressor. If one of our processes were to be 
powered by energy from an intermittent source there are two methods for which this could be 
done. Either the compressor could work continually until enough air has been compressed to 
produce to desired energy output (this time could vary depending on the amount of wind or 
sunlight that day) or the power from the renewable source could be supplemented with power 
from the grid. A process which does not assume a constant input of energy would require many 
more complicated models than the ones used in this report and our outside the scope of our 
capabilities at this time.  We therefore will assume a constant energy input.  
 
In this report we will present different CAES schematics and compare the different 
configurations in terms of efficiency, feasibility and economics. 
  
University of Pennsylvania 
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2.2. Project Charter 
 
High Efficiency Compressed Air Energy Storage (CAES) 
 
Project Champion: Adam Brostow, Air Products and Chemicals, Inc. 
Project Members: Jonathan Chou, Avital Szulc, Lingkai Tang, Xu Yu Zeng 
 
Specific Goals: 
 
 Design a CAES or RAES system (process and apparatus) that can store 1 MW of energy 
for at least three hours with an efficiency of at least 70% 
 Determine what can be done to improve efficiency and maximum achievable efficiency 
 
Project Scope: 
 
 Design a series of compressors and turbine processes for optimal energy recovery 
 Compare methods of heat recovery during compression and expansion 
 Perform a cost comparison between all process variations 
 
Deliverables: 
 
 Process designs with equipment specifications 
 Process flow diagrams 
 Excel models 
 
Business Feasibility: 
 
 Are the price differences between peak and off-peak electricity sufficient to justify the 
capital investment of a compressed air energy storage plant? 
 
Timeline: 
 
 Completed by April 15, 2014 
 Presented on April 23, 2014 
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2.3. Preliminary Process Synthesis 
 
In order to begin designing our processes, we needed to find a medium with which to model 
them. Due to the discharge of air from a pressurized storage vessel before entering the turbine, 
the expansion process is not in steady state. In order to model our processes we could not use 
Aspen Plus because this software deals only with processes in steady state. We therefore chose to 
use Microsoft Excel. In order to do this, we split the four-hour expansion period into eight half-
hour intervals. We modeled each half hour interval as though it were in steady state. The 
equations used and the spreadsheets created can be found in the Appendix.  
 
There were many unknowns in the process model so initially the pressure in the tank at the end 
of each half hour period  (P2) was guessed. Then, in order to ensure that each half-hour interval 
produced 0.5 MW-h of energy, Goal Seek (an iterative Excel tool) was used by changing P2 until 
0.5 MW-h was achieved by the multi-stage turbine during each time interval. Many unknown 
parameters were based on P2, so once this value was known for each time period, all other 
parameters could be calculated. This allowed us to calculate the flow rates during each time 
interval as well as the change in temperature in the tank (T2).  
 
The compression process was modeled in Excel as well, although there was no need to convert 
the process into discrete time intervals as the compression process is in steady state over the 
twenty-hour compression period. 
 
The intercoolers used during the compression process and the interheaters used during the 
expansion process are all heat exchangers in steady-state. We were therefore able to model these 
units in Aspen so that parameters such as required flow rates and surface area could be easily 
obtained.  
 
All calculations were made assuming that air acts as an ideal gas throughout the process. While 
this assumption is not completely accurate, Adam Brostow, an industry expert from Air Products 
and creator of the problem statement, confirmed that this assumption is acceptable to use for the 
purposes of this project because the temperatures are high enough to counteract the high pressure 
in the tank. 
 
Additionally, the air flow rates leaving the compressor were calculated such that the compressed 
air storage vessel was always between 70-80% full by mass, with 80% as the ideal target. Jason 
Kerth, an engineer at Dresser Rand, suggested this operating condition due to the fact that 
turbines cannot operate over a large pressure difference. By only dissipating 20% of the mass, 
the pressure drop in the vessel is minimized. In this model the pressure in the tank begins at 
1,500 psia and is approximately 1,000 psia by the end of the expansion process. This 
University of Pennsylvania 
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specification implies that the compressed air storage vessel must be very large, as it has to 
account for approximately five times the amount of air actually required in the process. 
 
A brief outline of each process analyzed can be found below. 
 
Base Case: Multiple Stage Compressor and Multiple Stage Turbine 
 
The first process involved a multi-stage compressor used for compression during off-peak hours 
and a multi-stage turbine used for expansion during peak hours, in order to create an opportunity 
for profit through price arbitrage. During this process water passed through the intercoolers of 
the compressor was heated as it cooled the compressed air. In order to maximize efficiency and 
minimize utilities used, this hot water produced was stored and used later during the expansion 
process to heat all air streams entering each stage of the turbine. Preheating of the air to the 
turbine was done such that the outlet air of each turbine stage exited at ambient temperature. 
 
Variation 1: Heat Losses from Hot Water Tank 
 
One of the assumptions made in the base case was that the heated water resulting from the 
interstage cooling did not lose any heat in the tank during the time it was stored. This was due to 
the continuous nature of the tank and the fact that pressurized, heated water flowed into the tank 
throughout the entirety of the 20 hour compression stage.  
 
Variation 1 attempts to account for this by estimating this temperature drop in order to present a 
more accurate depiction of the model. Because a lower water temperature is used in Variation 1, 
the outlet air from the turbine is no longer at ambient temperature. 
 
Variation 2: Multiple Stage Compressor and Single Stage Turbine 
 
In this model, we explore a process which involves a single-stage turbine instead of a multi-stage 
turbine. This process includes only one stage of preheating air. This process still utilizes the 
stored hot water from the intercoolers. Due to the fact that there is only one stage of preheating 
with pressurized water, the temperatures of the air leaving the turbine are below ambient. This 
case is investigated in order to determine whether the benefit of fewer and smaller units can 
outweigh the benefit of energy conserved by having all outlet air at ambient temperature. 
 
Variation 3: Preheating with Natural Gas Turbine 
 
This process seeks to combine the advantages of the preceding models. This process involves a 
multi-stage compressor and a single-stage turbine, but instead of utilizing the heated water, 
which cannot achieve temperatures high enough to ensure that all expanded air is at ambient 
 Compressed Air Energy Storage  
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temperature, natural gas is burned and used to preheat the air entering the turbine. An added 
benefit of this process is that additional energy is produced during peak hours through the 
burning of the natural gas. 
 
  
University of Pennsylvania 
9 
2.4. Market and Competitive Analyses 
 
There has always been a need for energy storage, but as we produce more energy from 
intermittent sources this demand increases greatly. Typically energy has been stored in its raw 
form, such as fossil fuel storage. As we begin to rely more upon sources that produce energy at 
inconsistent rates, we must strive to find a cost efficient way to store electricity that is produced 
in excess over off-peak time periods to save for later use when there is a greater demand.  
 
Electricity must be consumed as it is generated, which is why electricity storage involves storing 
the electricity in the form of another energy, such as potential, kinetic or chemical. While many 
conventional forms of energy storage, including fuel cells and batteries, involve electricity 
storage in the form of chemical energy, compressed air energy storage stores the energy in the 
form of potential energy. In comparison with storage through chemical energy, CAES has 
relatively low variable costs because the only daily cost incurred by the system is the electricity 
required to power the compressors.  
 
There are currently two compressed air energy storage plants in the world. One is in Huntorf, 
Germany and the other is in McIntosh, Alabama. The plant in Germany is a 290 MW plant and 
the one in Alabama is a 110 MW plant. Although CAES is not widely used, much research has 
gone into the technology because as noted earlier, many believe that it will help mitigate many 
problems relating to intermittent energy sources while still being economically viable. 
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2.5. Customer Requirements 
 
In order to satisfy peak energy demands, many power plants operate for only specific periods 
during the day, usually between 4 PM and 8 PM.  This inefficiency raises maintenance costs and 
increases greenhouse gas emissions due to the daily cycling of such coal-fired plants.  Bulk 
energy storage provides a solution to balance peak load during periods of high demand by 
storing energy using low-cost electricity during off-peak hours and delivering back to the grid 
during on-peak hours.  The storage technology allows power plants to be built to meet average 
instead of peak demands, potentially reducing generating capacity by 40% and eliminating 
capital costs incurred from the additional capacity.  Grid stability is enhanced, reducing the 
likelihood of blackouts, as the base-load generators are allowed to operate closer to steady state.  
In the event of an extreme event, major impact to the grid can therefore be mitigated. 
 
A desired benefit of energy storage is the smoothed delivery of energy and compatibility with 
intermittent sources such as solar and wind.  The prevalent method used, pumped-storage 
hydroelectricity (PSH), accounts for 99% of the current global bulk storage capacity (Electric 
Power Research Institute), with the largest plants generating from 1000 to 3000 MW.  In PSH, 
potential energy is stored in water, which is pumped to an upper reservoir using off-peak 
electricity prices.  When additional electricity is needed, energy is produced as the water flows 
back down and drives a turbine.  A major barrier to further development of PSH is the lack of 
site flexibility.  Implementation requires proximity and access to large reservoirs of water at high 
elevations.  As pumped hydro resources are being depleted, scientists and utility companies are 
looking at other methods of bulk energy storage that use available technology and resources.  
The storage system would be able to absorb surplus energy generated from intermittent 
renewable sources and deliver it back to the grid during peak load. 
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2.6. Technology-Readiness Assessment 
 
Innovation Map 
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3. Base Case: Multiple Stage Compressor and 
Multiple Stage Turbine 
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3.1. Process Flow Diagram and Material Balance 
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Stream Number A1 A2 A3 A4 A5 A6 A7 
Temperature (ºF) 77.0 276.5 100.0 299.5 100.0 299.5 100.0 
Pressure (psia) 14.7 46.7 46.7 148.7 148.7 472.7 472.7 
Vapor Fraction 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Mass Flow (lb/hr) 8340 8340 8340 8340 8340 8340 8340 
Molar Flow (lbmol/hr) 288.0 288.0 288.0 288.0 288.0 288.0 288.0 
Component Molar 
Flow (lbmol/hr) 
       
        Air 288.0 288.0 288.0 288.0 288.0 288.0 288.0 
        Water 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 
 
Stream Number A8 A9 A10 A11 A12 A13 A14 
Temperature (ºF) 299.5 100.0 77.0 285.0 77.0 285.0 77.0 
Pressure (psia) 1503.2 1503.2 1503.2 1503.2 472.7 472.7 148.7 
Vapor Fraction 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Mass Flow (lb/hr) 8340 8340 41700 41700 41700 41700 41700 
Molar Flow (lbmol/hr) 288.0 288.0 1439.9 1439.9 1439.9 1439.9 1439.9 
Component Molar 
Flow (lbmol/hr) 
       
        Air 288.0 288.0 1439.9 1439.9 1439.9 1439.9 1439.9 
        Water 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 
Stream Number A15 A16 A17 A18 W1 W2 W3 
Temperature (ºF) 285.0 77.0 285.0 77.0 77.0 77.0 77.0 
Pressure (psia) 148.7 46.7 46.7 14.7 175.0 150.0 150.0 
Vapor Fraction 1.0 1.0 1.0 1.0 0.0 0.0 0.0 
Mass Flow (lb/hr) 41700 41700 41700 41700 6831 1708 1708 
Molar Flow (lbmol/hr) 1439.9 1439.9 1439.9 1439.9 379.2 94.8 94.8 
Component Molar 
Flow (lbmol/hr) 
       
        Air 1439.9 1439.9 1439.9 1439.9 0.0 0.0 0.0 
        Water 0.0 0.0 0.0 0.0 379.2 94.8 94.8 
 
Table 3.1: Material balance stream summary for the base case 
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Stream Number W4 W5 W6 W7 W8 W9 W10 
Temperature (ºF) 77.0 77.0 273.0 296.0 296.0 296.0 290.3 
Pressure (psia) 150.0 150.0 150.0 150.0 150.0 150.0 150.0 
Vapor Fraction 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Mass Flow (lb/hr) 1708 1708 1708 1708 1708 1708 6831 
Molar Flow (lbmol/hr) 94.8 94.8 94.8 94.8 94.8 94.8 379.2 
Component Molar 
Flow (lbmol/hr) 
       
        Air 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
        Water 94.8 94.8 94.8 94.8 94.8 94.8 379.2 
 
Stream Number W11 W12 W13 W14 W15 W16 W17 
Temperature (ºF) 290.3 290.3 290.3 290.3 290.3 290.3 78.8 
Pressure (psia) 150.0 175.0 150.0 150.0 150.0 150.0 150.0 
Vapor Fraction 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Mass Flow (lb/hr) 36960 36960 9240 9240 9240 9240 9240 
Molar Flow (lbmol/hr) 2051.6 2051.6 512.9 512.9 512.9 512.9 512.9 
Component Molar 
Flow (lbmol/hr) 
       
        Air 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
        Water 2051.6 2051.6 512.9 512.9 512.9 512.9 512.9 
 
Stream Number W18 W19 W20 W21 W22   
Temperature (ºF) 78.8 78.8 78.8 78.8 77.0   
Pressure (psia) 150.0 150.0 150.0 150.0 14.7   
Vapor Fraction 0.0 0.0 0.0 0.0 0.0   
Mass Flow (lb/hr) 9240 9240 9240 36960 6831   
Molar Flow (lbmol/hr) 512.9 512.9 512.9 2051.6 379.2   
Component Molar 
Flow (lbmol/hr) 
       
        Air 0.0 0.0 0.0 0.0 0.0   
        Water 512.9 512.9 512.9 2051.6 379.2   
 
Table 3.1: Material balance stream summary for the base case (continued) 
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3.2. Process Description  
 
The designs for our CAES systems were based on the specifications of the problem statement 
requirement that we were to produce 1 MW of energy a day through expansion of compressed air.  
These models are designed for the primary function of using compressed air energy storage for 
price arbitrage. As discussed earlier, this was done by compressing air over off-peak hours and 
expanding air over peak hours to make a profit dependent on the difference in price of electricity.  
 
A key design component taken into consideration was that a constant output of energy was 
desired. All designs assumed a steady flow rate of air entering the compressor. Due to a pressure 
drop in the storage vessel as air leaves the tank, the flow rate of air increased over time to ensure 
that a steady output of energy was achieved. Additionally, the temperature change in the tank as 
the pressure decreases is taken into account. For this reason, the inlet temperature to the first 
interheater is different at each half hour interval of the expansion process. 
 
Pressure: 
 
The process was designed to compress air to 1,500 psia. This pressure was chosen by 
recommendation of Jason Kerth, an engineer at Dresser Rand, upon consideration of the desired 
1 MW power output of our system and is used in all processes presented. 
 
Equipment: 
 
The process aims to use process units that are as small, inexpensive and energy efficient as 
possible in order to maximize profit. Therefore, this case included a fourth intercooler to cool the 
air leaving the last stage of the compressor in order to be able to use a smaller air storage vessel. 
Additionally, the process was designed so that all air leaving the different turbine stages is at 
ambient temperature to minimize energy losses. 
  
The air entering each turbine is heated using the water heated during intercooling in between 
compressions stages. The reuse of this water allows the energy dissipated during the cooling 
stages to be used instead of wasted. 
  
The temperature approach for each intercooler was arrived at by cooling the air leaving each 
compression stage as much as possible while minimizing the surface area of each intercooler 
heat exchanger. Similarly, the temperature approach for each interheater was arrived at by 
heating the air into each turbine so that the outlet air would be at ambient temperature, but still 
minimizing the surface areas of the heat exchangers. 
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Reusing Water throughout Operation: 
 
We have modeled this process so that the water originally used to cool the air leaving each 
compressor can be recycled at the end of every cycle and reused in the next cycle. In order to 
mitigate corrosion and scale build-up in the tank, chromates must be added to the water. 
 
Due to heat transfer with ambient air, it was calculated that even an insulated tank would not 
keep the air at 100°F, but rather the air would cool quickly to 77°F over the 20 hour compression 
period. We therefore assumed that the air leaving the storage vessel (V-101) is initially at 77°F. 
 
The stored air is released through the turbine at the end of the compression process. The turbine 
is a four-stage turbine. The air from the tank (stream V-101) enters the first interheater (HTX-
105). The air leaving the interheater (stream A11) is at 285°F. This stream then enters the first 
turbine (T-101) and leaves at a pressure of 472 psia (stream A12). This air stream is heated to 
285°F and this heated air (stream A13) enters the second stage of the turbine (T-102). The air 
stream leaving the second stage (A14) is at a pressure of 148.33 psia. This air stream is heated to 
285°F and then enters the third stage of the turbine (T-103, A15). The air leaving the third stage 
is at a pressure of 46.7 psia. The air leaving the fourth stage of the turbine (T-104) is at 
atmospheric temperature and pressure. The pressure ratio for this multi-stage turbine is 3.18. 
 
The outlet streams from the first (A12), second (A14) and third (A16) turbine stages were 
reheated in order to maximize the amount of energy that could be harnessed from our turbine. 
The temperatures to which the streams were reheated were chosen so that the outlet from each 
turbine would approximately be ambient temperature in order to minimize energy losses. 
 
The inlet air stream into the first compressor, unless it is dried beforehand, will be characterized 
by some amount of water content, which can be measured by its relative humidity.  The relative 
humidity depends on the temperature and pressure of the air, which will vary according to the 
geographic location from which the air supply is drawn.  If water vapor is left in the air stream, 
maintenance cost is expected to increase as corrosion and internal damage to compressors can 
occur.  Multiple methods exist to dry compressed air, including water traps, drip legs, coalescing 
filters, chemical dryers, and manual drainage.  A common issue with water removal is a loss of 
air that will impact plant operation.  For minimum air loss, zero-loss water traps are an efficient 
option.  Such devices regulate the condensate level within the system with a float or level sensor, 
which controls a ball valve that will drain the condensate when an upper level is reached.  The 
installation of a water trap would reduce maintenance costs and increase the expected lifetime of 
process machinery in a CAES system. 
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3.3. Equipment List and Unit Descriptions 
 
Table 3.2 below details the equipment list required for the base case. The unit descriptions of the 
equipment can be found on the proceeding pages. 
 
Unit No. Unit Type Function Size Material 
Oper. T 
(°F) 
Oper. P 
(psia) 
C-101 Compressor 1 
Increase pressure of air 
stream 
Pc = 188.59 hp 
Carbon 
Steel 
276.48 46.75 
C-102 Compressor 2 
Increase pressure of air 
stream 
Pc = 195.9 hp 
Carbon 
Steel 
299.48 148.65 
C-103 Compressor 3 
Increase pressure of air 
stream 
Pc = 195.9 hp 
Carbon 
Steel 
299.48 472.71 
C-104 Compressor 4 
Increase pressure of air 
stream 
Pc = 195.9 hp 
Carbon 
Steel 
299.48 1500 
T-101 Turbine 1 
Recover energy from 
compression 
Pc = 574.95 hp 
Carbon 
Steel 
79.485 472.71 
T-102 Turbine 2 
Recover energy from 
compression 
Pc = 664.92 hp 
Carbon 
Steel 
77.8 148.33 
T-103 Turbine 3 
Recover energy from 
compression 
Pc = 50.6 hp 
Carbon 
Steel 
77.8 46.65 
T-104 Turbine 4 
Recover energy from 
compression 
Pc = 50.6 hp 
Carbon 
Steel 
77.8 14.7 
HTX-101 Intercooler 1 
Cool air between 
compression stages 
A = 299.4 ft
2
 
Q = 354,696 Btu/hr 
Carbon 
Steel 
100  46.75 
HTX-102 Intercooler 2 
Cool air between 
compression stages 
A = 259.4 ft2 
Q = 401,178 Btu/hr 
Carbon 
Steel 
100  148.65 
HTX-103 Intercooler 3 
Cool air between 
compression stages 
A = 259.4 ft2 
Q = 401,178 Btu/hr 
Carbon 
Steel 
100  472.71 
HTX-104 Intercooler 4 
Cool air after last 
compression stage 
A = 259.4 ft2 
Q = 401,178 Btu/hr 
Carbon 
Steel 
100 1,500 
HTX-105 Interheater 1  
Heat air before first 
expansion stage 
A = 4,269.5 ft2 
Q = 2,089,887 Btu/hr 
Carbon 
Steel 
263.86  1,500 
HTX-106 Interheater 2 
Heat air between 
expansion stages 
A = 4353.2 ft2 
Q = 2,089,887 Btu/hr 
Carbon 
Steel 
285  471.7 
HTX-107 Interheater 3 
Heat air between 
expansion stages 
A = 4353.2 ft2 
Q = 2,089,887 Btu/hr 
Carbon 
Steel 
285  148.3 
HTX-108 Interheater 4 
Heat air between 
expansion stages 
A = 4353.2 ft2 
Q = 2,089,887 Btu/hr 
Carbon 
Steel 
285  46.65 
V-101 
Air Pressure 
Vessel 
Store compressed air 
during off-peak hours 
V = 776,363.27 gal 
Carbon 
Steel 
88.5 1500 
V-102 
Hot Water 
Tank 
Store recycled pressurized 
water 
V = 8,179 gal 
Carbon 
Steel 
290.25 150 
V-103 
Cool Water 
Tank 
Store recycled pressurized 
water 
V = 17,701 gal 
Carbon 
Steel 
77.8 14.7 
P-101 
Hot Water 
Pump 
Pump hot pressurized 
water to heat exchangers 
Pc = 1.508 hp Cast Iron 290.25 150 
P-102 
Cool Water 
Pump 
Pump pressurized water 
to heat exchangers 
Pc = 1.565 hp Cast Iron 78.8 150 
 
Table 3.2: Detailed equipment list for the base case  
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Four Stage Compressor 
 
A multi-stage reciprocating compressor with four stages was used to compress the air. A 
pressure ratio of 3.18 was used to compress the air from 14.7 psia to 1,500 psia. We chose this 
pressure ratio because it produces the final desired pressure without the outlet air streams (A2, 
A4, A6, A8) becoming too hot. The flow rate of air into each stage is 8,343 lb/hr. In addition, 
water traps capture any water that falls out of humidity in the air as the air pressurizes. 
Specifications for each stage are below. 
 
Compressor Stage 1 (C-101): 
 
The first stage of the compressor compresses the air from 14 psia to 47 psia. The inlet 
temperature to the compressor is 77°F and the outlet is 277°F. The net work of the compressor is 
189 hp. The bare module cost for this unit is $484,400. 
 
 Compressor Stage 2 (C-102): 
 
The second stage of the compressor compresses the air from 46.75 psia to 148.65 psia. The inlet 
temperature to this stage is 100°F and the outlet temperature is 299°F. The net work of the 
compressor is 195.94 hp. The bare module cost for this unit is $499,000. 
 
Compressor Stage 3 (C-103): 
 
The third stage of the compressor compresses the air from 148.65 psia to 472.71 psia. The inlet 
temperature to this stage is 100°F and the outlet temperature is 299.48°F. The net work of the 
compressor is 195.94 hp. The bare module cost for this unit is $499,000. 
 
Compressor Stage 4 (C-104): 
 
The second stage of the compressor compresses the air from 472.71.65 psia to 1,500 psia. The 
inlet temperature to this stage is 100°F and the outlet temperature is 299.48°F. The net work of 
the compressor is 195.94 hp. The bare module cost for this unit is $499,000. 
 
Intercoolers 
 
There are four intercoolers in our process, one after each of the four compression stages. The 
intercoolers are heat exchangers that take in water at a temperature of 77°F and a pressure of 150 
psia. Specifications for each unit are below. 
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Intercooler 1 (HTX-101): 
 
This intercooler cools the air leaving the first compression stage (A2) with water. The flow rate 
of the water entering the intercooler (W2) is 1,706 lb/hour. The area of the heat exchanger is 
229.4 square feet. The intercooler cools the air from 276.48°F (A2) to 100°F (A3). The water 
leaves the intercooler (W6) at 273°F. The bare module cost for this unit is $70,000.  
 
Intercooler 2 (HTX-102): 
 
This intercooler cools the air leaving the second compression stage (A4) with water. The flow 
rate of the water entering the intercooler (W3) is 1,706.4 lb/hour. The area of the heat exchanger 
is 259.4 square feet. The intercooler cools the air from 300°F (A4) to 100°F (A5). The water 
leaves the intercooler at 296°F. The bare module cost for this unit is $73,000. 
 
Intercooler 3 (HTX-103): 
 
This intercooler cools the air leaving the third compression stage (A6) with water. The flow rate 
of the water entering the intercooler (W4) is 1,706.4 lb/hour. The area of the heat exchanger is 
259.4 square feet. The intercooler cools the air from 300 F to 100°F. The water leaves the 
intercooler at 296°F. The bare module cost for this unit is $73,000. 
 
Intercooler 4 (HTX-104): 
 
This intercooler cools the air leaving the fourth compression stage (A8) with water. The flow rate 
of the water entering the intercooler (W5) is 1,706.4 lb/hour. The area of the heat exchanger is 
259.4 square feet. The intercooler cools the air (A8) from 300 F to 100°F. The water leaves the 
intercooler at 296°F. The bare module cost for this unit is $73,000. 
 
Four Stage Turbine 
 
A multi-stage turbine with four stages was used to expand the air. A pressure ratio of 3.18 was 
used to expand the air from 1,500 psia to 14.7 psia. Each stage was modeled as an independent 
turbine. As previously mentioned, the flow rate flowing into each turbine varies with time. These 
flow rates are controlled by a valve on pressure vessel. The flow rates for each time period are 
detailed in Table 3.3 below. 
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Hour Flow Rate (lb/hr) 
0.5 39,094 
1.0 39,740 
1.5 40,429 
2.0 41,167 
2.5 41,959 
3.0 42,815 
3.5 43,742 
4.0 44,754 
Table 3.3: Varying flow rates of air though the turbine for the base case 
 
Turbine Stage 1 (T-101): 
 
The first stage of the turbine expands the compressed air from 1,500 psia to 471.7 psia. The inlet 
temperature to the expander ranges from 241.3-285°F and the outlet temperature ranges between 
77.3-81.7 °F. The bare module cost for this unit is $1,834,000. 
 
Turbine Stage 2 (T-102): 
 
The first stage of the turbine expands the compressed air from 471.7 psia to 148.33 psia. The 
inlet temperature to the expander is 285°F and the outlet is 77.8 °F. The bare module cost for this 
unit is $1,834,000. 
 
Turbine Stage 3 (T-103): 
 
The first stage of the turbine expands the compressed air from 148.33 psia to 46.65 psia. The 
inlet temperature to the expander is 285°F and the outlet is 77.8 °F. The bare module cost for this 
unit is $1,834,000. 
 
Turbine Stage 4 (T-104): 
 
The first stage of the turbine expands the compressed air from 46.65 psia to 14.7 psia. The inlet 
temperature to the expander is 285°F and the outlet is 77 °F. The bare module cost for this unit is 
$1,834,000. 
 
Interheaters 
 
There are four heaters in our process, one before each of the four expansion stages. The 
interheaters are heat exchangers that take in water at a temperature of 290.25°F and a pressure of 
150 psia. Specifications for each unit are below. 
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Interheater 1 (HTX-105): 
 
This heater heats the air leaving the air storage tank (V-101) with water. The flow rate of the 
water entering the heater (stream W16) is 9,232.2 lb/hour. The area of the heat exchanger is 
149.7 square feet. The heater heats the air from 33.3-77°F (stream A10) to 241.3-285°F (stream 
A11). The water leaves the interheater (stream W20) at 77.8°F. The bare module cost for this 
unit is $209,000. 
 
Interheater 2 (HTX-106): 
 
This heater heats the air leaving the first expansion stage (stream A12) with water. The flow rate 
of the water entering the heater (stream W15) is 9,232.2 lb/hour. The area of the heat exchanger 
is 149.7 square feet. The interheater heats the air from 77°F (stream A12) to 285°F (stream A13). 
The water leaves the interheater at 77.8°F. The bare module cost for this unit is $209,000. 
 
Interheater 3 (HTX-107): 
 
This heater heats the air leaving the second expansion stage (stream A14) with water. The flow 
rate of the water entering the heater (stream W14) is 9,232.2 lb/hour. The area of the heat 
exchanger is 149.7 square feet. The interheater heats the air from 77°F (stream A14) to 285°F 
(stream A15). The water leaves the interheater at 77.8°F. The bare module cost for this unit is 
$209,000. 
 
Interheater 4 (HTX-108): 
 
This heater heats the air leaving the third expansion stage (stream A16) with water. The flow rate 
of the water entering the heater (stream W13) is 9,232.2 lb/hour. The area of the heat exchanger 
is 149.7 square feet. The interheater heats the air from 77°F (stream A17) to 285°F (stream A18). 
The water leaves the interheater at 77.8°F. The bare module cost for this unit is $209,000. 
 
Additional Equipment 
 
Hot Water Pump (P-101): 
 
This pump is used to pump the water from the storage tank (V-102) into the first interheater 
(HTX-105). The pump has a brake power requirement of 0.60 hp. The bare module cost of this 
unit, including a spare, is $20,000. 
 
 
 
University of Pennsylvania 
23 
Cool Water Pump (P-102): 
 
This pump is used to pressurize the water used in streams W2, W3, W4 and W5 which enter the 
intercoolers of the multi-stage compressor. The inlet pressure and temperatures are 14.7 psia and 
77°F, and the outlet temperature and pressure are 77°F and 150 psia. The pump has a brake 
power requirement of 1.42 hp. The bare module cost of this unit, including a spare, is $23,000. 
 
Air Pressure Vessel (V-101): 
 
These pressurized storage vessels are used to store the compressed air until it is expanded 
through the turbine. The whole unit consists of 34 cylindrical tanks, each with a diameter of 9 
feet and a length of 42 feet. The volume of each of these tanks is 22,842 gallons. The pressure in 
the tank is 1,500 psia. The temperature of the air entering the tank is 100°F, but due to the long 
amount of time the air spends in the tank (up to 20 hours), insulation is not very effective, 
resulting in an ending temperature close to ambient at 77°F. 
 
Hot Water Storage Tanks (V-102): 
 
This insulated tank unit is used to store the outlet, heated water (streams W6, W7, W8, W9) from 
the intercoolers. The storage tank unit consists of two smaller, identical tanks, each with volume 
of 9,000 gallons, which is sufficient to contain the entirety of the process water and small enough 
to build to vacuum standards that will allow for the storage of pressurized water. The bare 
module cost of these two smaller tanks  
 
Cool Water Storage Tank (V-103): 
 
This tank is used to store the used recycled water from the intercoolers and heaters (streams W17, 
W18, W19, W20). The volume of this tank is 17,701 gallons.  
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3.4. Specification Sheets 
 
Table 3.4 shows the list of equipment units used in the base case and the pages on which their 
specification sheets can be found. 
 
Page Unit No. Unit Name 
 25 C-101 Compressor 1 
 26 C-102 Compressor 2 
 27 C-103 Compressor 3 
 28 C-104 Compressor 4 
 29 T-101 Turbine 1 
 30 T-102 Turbine 2 
 31 T-103 Turbine 3 
 32 T-104 Turbine 4 
 33 HTX-101 Intercooler 1 
 34 HTX-102 Intercooler 2 
 35 HTX-103 Intercooler 3 
 36 HTX-104 Intercooler 4 
 37 HTX-105 Interheater 1 
 38 HTX-106 Interheater 2 
 39 HTX-107 Interheater 3 
 40 HTX-108 Interheater 4 
 41 V-101 Air Pressure Vessel 
 42 V-102 Hot Water Storage Tank 
 43 V-103 Cool Water Storage Tank 
 44 P-101 Hot Water Pump 
 45 P-102 Cool Water Pump 
 
Table 3.4: Specification sheet index for equipment used in the base case 
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Compressor 1 
     
     
Identification:     
 Item Compressor Date 4/15/14 
 Item No. C-101 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Compress air through the first stage 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A1 A2 
 Quantity (lb/hr) 8,342.53 8,342.53 
 Temperature (F) 77 276.48 
 Pressure (psia) 14.17 46.75 
     
     
Design Data: 
 Type Reciprocating Compressor 
 Material Carbon Steel 
 Net Work (hp) 188.59 
 Efficiency 0.85 
     
     
Cost Data:     
     
 CP $ 225,000  
 CBM $ 484,000  
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Compressor 2 
     
     
Identification:     
 Item Compressor Date 4/15/14 
 Item No. C-102 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Compress air through the second stage 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A3 A4 
 Quantity (lb/hr) 8,342.53 8,342.53 
 Temperature (F) 100 299.48 
 Pressure (psia) 46.75 148.65 
     
     
Design Data: 
 Type Reciprocating Compressor 
 Material Carbon Steel 
 Net Work (hp) 195.9 
 Efficiency 0.85 
     
     
Cost Data:     
     
 CP $ 232,000  
 CBM $ 499,000  
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Compressor 3 
     
     
Identification:     
 Item Compressor Date 4/15/14 
 Item No. C-103 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Compress air through the third stage 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A5 A6 
 Quantity (lb/hr) 8,342.53 8,342.53 
 Temperature (F) 100 299.48 
 Pressure (psia) 148.65 472.71 
     
     
Design Data: 
 Type Reciprocating Compressor 
 Material Carbon Steel 
 Net Work (hp) 195.9 
 Efficiency 0.85 
     
     
Cost Data:     
     
 CP $ 232,000  
 CBM $ 499,000  
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Compressor 4 
     
     
Identification:     
 Item Compressor Date 4/15/14 
 Item No. C-104 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Compress air through the fourth stage 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A7 A8 
 Quantity (lb/hr) 8,342.53 8,342.53 
 Temperature (F) 100 299.48 
 Pressure (psia) 472.71 1500 
     
     
Design Data: 
 Type Reciprocating Compressor 
 Material Carbon Steel 
 Net Work (hp) 195.9 
 Efficiency 0.85 
     
     
Cost Data:     
     
 CP $ 232,000  
 CBM $ 499,000  
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Turbine 1 
     
     
Identification:     
 Item Turbine Date 4/15/14 
 Item No. T-101 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Expand air as first stage 
     
     
Operation: 4 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A11 A12 
 Quantity (lb/hr)   
 Range 39,094.4 – 42,754.12 39,094.4 – 42,754.12 
 Average 41,712.65 41,712.65 
 Temperature (F)   
 Range 241.25 – 285 77.3 – 81.67 
 Average   
 Pressure (psia) 1,500 472.71 
     
     
Design Data: 
 Type Electric Turbine 
 Material Carbon Steel 
 Net Work (hp)  
 Range 519.56 – 622.9 
 Average 574.95 
 Efficiency 0.82 
     
     
Cost Data:     
     
 CP $ 853,000  
 CBM $ 1,834,000  
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Turbine 2 
     
     
Identification:     
 Item Turbine Date 4/15/14 
 Item No. T-102 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Expand air as second stage 
     
     
Operation: 4 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A13 A14 
 Quantity (lb/hr)   
 Range 39,094.4 – 42754.12 39,094.4 – 42,754.12 
 Average 41,712.65 41,712.65 
 Temperature (F) 285 77.8 
 Pressure (psia) 472.71 148.33 
     
     
Design Data: 
 Type Electric Turbine 
 Material Carbon Steel 
 Net Work (hp)  
 Range 623.18 – 713.4 
 Average 664.92 
 Efficiency 0.82 
     
     
Cost Data:     
     
 CP $ 853,000  
 CBM $ 1,834,000  
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Turbine 3 
     
     
Identification:     
 Item Turbine Date 4/15/14 
 Item No. T-103 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Expand air as third stage 
     
     
Operation: 4 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A15 A16 
 Quantity (lb/hr)   
 Range 39,094.4 – 42,754.12 39,094.4 – 42,754.12 
 Average 41,712.65 41,712.65 
 Temperature (F) 285 77.8 
 Pressure (psia) 148.33 46.65 
     
     
Design Data: 
 Type Electric Turbine 
 Material Carbon Steel 
 Net Work (hp)  
 Range 47.42 – 54.29 
 Average 50.6 
 Efficiency 0.82 
     
     
Cost Data:     
     
 CP $ 853,000  
 CBM $ 1,854,000  
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Turbine 4 
     
     
Identification:     
 Item Turbine Date 4/15/14 
 Item No. T-104 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Expand air as fourth stage 
     
     
Operation: 4 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A17 A18 
 Quantity (lb/hr)   
 Range 39, 094.4 – 42,754.12 39,094.4 – 42,754.12 
 Average 41,712.65 41,712.65 
 Temperature (F) 285 77.8 
 Pressure (psia) 46.65 14.7 
     
     
Design Data: 
 Type Electric Turbine 
 Material Carbon Steel 
 Net Work (hp)  
 Range 47.42 – 54.29 
 Average 50.6 
 Efficiency 0.82 
     
     
Cost Data:     
     
 CP $ 853,000  
 CBM $ 1,834,000  
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Intercooler 1 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-101 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Cool air after it passes through first compressor 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID A2 A3 W2 W6 
 Quantity (lb/hr) 8,342.53 8,342.53 1,706.4 1,706.4 
 Temperature (F) 276.48 100 77 273 
 Pressure (psia) 46.75 46.75 150 150 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 354,696 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 299.4 
     
     
Cost Data:     
     
 CP $ 22,000  
 CBM $ 70,000  
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Intercooler 2 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-102 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Cool air after it passes through second compressor 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID A4 A5 W3 W7 
 Quantity (lb/hr) 8,342.53 8,342.53 1,706.4 1,706.4 
 Temperature (F) 299.48 100 77 296 
 Pressure (psia) 148.65 148.65 150 150 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 401,178 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 259.4 
     
     
Cost Data:     
     
 CP $ 23,000  
 CBM $ 73,000  
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Intercooler 3 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-103 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Cool air after it passes through third compressor 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID A6 A7 W4 W8 
 Quantity (lb/hr) 8,342.53 8,342.53 1,706.4 1,706.4 
 Temperature (F) 300 100 77 296 
 Pressure (psia) 472.71 472..71 150 150 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 401,178 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 259.4 
     
     
Cost Data:     
     
 CP $ 23,000  
 CBM $ 73,000  
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Intercooler 4 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-104 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Cool air after it passes through fourth compressor 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID A8 A9 W5 W9 
 Quantity (lb/hr) 8,342.53 8,342.53 1,706.4 1,706.4 
 Temperature (F) 299.48 100 77 296 
 Pressure (psia) 1,500 1,500 150 150 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 401,178 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 259.4 
     
     
Cost Data:     
     
 CP $ 23,000  
 CBM $ 73,000  
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Interheater 1 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-105 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Heat air before entering first turbine 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID W16 W20 A10 A11 
 Quantity (lb/hr)     
 Range - - 39,094.4 – 
42,754.12 
39,094.4 – 
42,754.12 
 Average 9,232.2 9,232.2 41,712.65 41,712.65 
 Temperature (F)     
 Range   33.25 – 77 241.25 – 
285 
 Average 290.25 78.8 55.86 263.86 
 Pressure (psia) 150 150 1,500 1,500 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 2,089,887 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 4,269.5 
     
     
Cost Data:     
     
 CP $ 66,000  
 CBM $ 209,000  
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Interheater 2 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-106 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Heat air before entering second turbine 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID W15 W19 A12 A13 
 Quantity (lb/hr)     
 Range - - 39,094.4 – 
42,754.12 
39,094.4-
42,754.12 
 Average 9,232.2 9,232.2 41,712.65 41,712.65 
 Temperature (F)     
 Average 290.25 78.8 77.8 285 
 Pressure (psia) 150 150 471.7 471.7 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 2,089,887 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 4,353.2 
     
     
Cost Data:     
     
 CP $ 66,000  
 CBM $ 209,000  
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Interheater 3 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-107 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Heat air before entering third turbine 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID W14 W18 A14 A15 
 Quantity (lb/hr)     
 Range - - 39,094.4-
42,754.12 
39,094.4-
42,754.12 
 Average 9,232.2 9,232.2 41,712.65 41,712.65 
 Temperature (F)     
 Average 290.25 78.8 77.8 285 
 Pressure (psia) 150 150 148.3 148.3 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 2,089,887 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 4,353.2 
     
     
Cost Data:     
     
 CP $ 66,000  
 CBM $ 209,000  
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Interheater 4 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-108 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Heat air before entering fourth turbine 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID W13 W17 A16 A17 
 Quantity (lb/hr)     
 Range - - 39,094.4-
42,754.12 
39,094.4-
42,754.12 
 Average 9,232.2 9,232.2 41,712.65 41,712.65 
 Temperature (F)     
 Average 290.25 78.8 77.8 285 
 Pressure (psia) 150 150 46.65 46.65 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 2,089,887 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 4,353.2 
     
     
Cost Data:     
     
 CP $ 66,000  
 CBM $ 209,000  
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Air Pressure Vessel 
     
     
Identification:     
 Item Pressure Vessel Date 4/15/14 
 Item No. V-101 By JC/AS/LT/JZ 
 No. Required 34   
     
     
Function: Store the compressed air 
     
     
Operation: Continuous 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A9 A10 
 Quantity (lb/hr)   
 Range - 39,094.4 – 42,754.12 
 Average 8,342.53 41,712.65 
 Temperature (F) 100 77-100 
 Pressure (psia) 1,500 1,500 
     
     
Design Data: 
 Type Insulated Cylindrical Tank 
 Tank Material Carbon Steel 
 Total Tank Volume (gal) 776,363.27 
     
     
Cost Data:     
     
 CP $ 16,082,000  
 CBM $ 49,050,000  
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Hot Water Tank 
     
     
Identification:     
 Item Pressure Vessel Date 4/15/14 
 Item No. V-102 By JC/AS/LT/JZ 
 No. Required 2   
     
     
Function: Store the heated water 
     
     
Operation: Continuous 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID W10 W11 
 Quantity (lb/hr) 6,825.6 36,928.8 
 Temperature (F) 290.25 290.25 
 Pressure (psia) 150 150 
     
     
Design Data: 
 Type Insulated Cylindrical Tank 
 Tank Material Carbon Steel 
 Tank Volume (gal) 8,179 
     
     
Cost Data:     
     
 CP $ 23,000  
 CBM $ 68,000  
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Cool Water Tank 
     
     
Identification:     
 Item Storage Vessel Date 4/15/14 
 Item No. V-103 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Store the used water 
     
     
Operation: Continuous 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID W21 W22 
 Quantity (lb/hr) 36,928.8 6,825.6 
 Temperature (F) 77.8 77.8 
 Pressure (psia) 150 14.7 
     
     
Design Data: 
 Type Insulated Cylindrical Tank 
 Tank Material Carbon Steel 
 Tank Volume (gal) 17,701 
     
     
Cost Data:     
     
 CP $ 47,000  
 CBM $ 143,000  
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Hot Water Pump  
     
     
Identification:     
 Item Water Pump Date 4/15/14 
 Item No. P-101 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Pump water to interheaters 
     
     
Operation: 4 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID W11 W12 
 Quantity (lb/hr) 36,928.8 36,928.8 
 Temperature (F) 290.25 290.25 
 Pressure (psia) 150 150 
     
     
Design Data: 
 Type Water Pump 
 Tank Material Cast Iron 
 Net Work (hp) 1.508 
 Efficiency 0.82 
     
     
Cost Data:     
     
 CP $ 7,000  
 CBM $ 23,000  
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Cool Water Pump  
     
     
Identification:     
 Item Water Pump Date 4/15/14 
 Item No. P-102 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Pressurize the system water, deliver to intercoolers 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID W22 W1 
 Quantity (lb/hr) 6,825.6 6,825.6 
 Temperature (F) 78.8 78.8 
 Pressure (psia) 14.7 150 
     
     
Design Data: 
 Type Water Pump 
 Tank Material Cast Iron 
 Net Work (hp) 1.565 
 Efficiency 0.82 
     
     
Cost Data:     
     
 CP $ 7,000  
 CBM $ 23,000  
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3.5. Equipment Cost Summary  
 
Table 3.5 shows the summary of all equipment costs. The table lists purchase costs for raw 
materials as well as the bare module costs which include installation. The purchase costs of most 
units were determined using various costing methods from Product and Process Design 
Principles, including the bare-module factors. Turbine cost was calculated using the same 
method as compressors and assumed a constant horsepower-to-flow rate ratio. The purchase cost 
of the air pressure vessel was estimated using ASPEN In-Plant Cost Estimator. All values are 
given in 2014 dollars. The air pressure vessel is the most expensive equipment requirement, 
accounting for 82% of the total equipment bare module cost. The collective turbines and 
compressors are the next largest items, accounting for 12.26% and 3.31%, respectively. 
 
Unit No. Unit Name 
Purchase Cost 
(2014$) 
Bare Module 
Factor 
Bare Module 
Cost 
C-101 Compressor Stage 1 $            225,000 2.15 $       484,000 
C-102 Compressor Stage 2 $            232,000 2.15 $       499,000 
C-103 Compressor Stage 3 $            232,000 2.15 $       499,000 
C-104 Compressor Stage 4 $            232,000 2.15 $       499,000 
T-101 Turbine Stage 1 $            853,000 2.15 $    1,834,000 
T-102 Turbine Stage 2 $            853,000 2.15 $    1,834,000 
T-103 Turbine Stage 3 $            853,000 2.15 $    1,834,000 
T-104 Turbine Stage 4 $            853,000 2.15 $    1,834,000 
HTX-101 Intercooler 1 $              22,000 3.17 $         70,000 
HTX-102 Intercooler 2 $              23,000 3.17 $         73,000 
HTX-103 Intercooler 3 $              23,000 3.17 $         73,000 
HTX-104 Intercooler 4 $              23,000 3.17 $         73,000 
HTX-105 Interheater 1 $              66,000 3.17 $       209,000 
HTX-106 Interheater 2 $              66,000 3.17 $       209,000 
HTX-107 Interheater 3 $              66,000 3.17 $       209,000 
HTX-108 Interheater 4 $              66,000 3.17 $       209,000 
V-101 Air Pressure Vessel $       16,082,000 3.05 $  49,050,000 
V-102 Hot Water Tank $              45,000 3.05 $       137,000 
V-103 Cool Water Tank $              47,000 3.05 $       143,000 
P-101 Hot Water Pump $                7,000 3.30 $         23,000 
P-102 Cool Water Pump $                7,000 3.30 $         23,000 
 $       20,875,000   $  59,815,000 
 
Table 3.5: Summary of purchase costs and bare module costs of all units for the base case 
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3.6. Capital Investment Summary 
 
All items required in the fixed capital investment are shown in Table 3.6. The total permanent 
investment of $82.8MM includes site preparation and service facility costs totaling 5% each of 
the total bare module cost in addition to 18% in contingencies and contractor fees, land 
purchasing, and plant startup. 
 
Bare Module Costs       
CBM Equipment Bare Module Costs      $     10,485,000  
Cstore Storage Vessel Bare Module Costs    $     49,330,000  
      CTBM  $     59,815,000  
       
Direct Permanent Investment       
CTBM Total Bare Module Cost    $     59,815,000  
Csite Site Preparation      $       2,991,000  
Cserv Service Facilities    $       2,991,000  
Calloc Allocated Costs for Utility Plants      $                      -  
    CDPI  $     65,797,000  
          
Total Depreciable Capital     
CDPI Direct Permanent Investment      $     65,797,000  
Ccont Contingencies and Contractors Fees    $     11,843,000  
      CTDC  $     77,640,000  
       
Total Permanent Investment    
CTDC Total Depreciable Capital    $     77,640,000  
Cland Land      $       1,553,000  
Croyalty Royalty    $                      -  
Cstartup Plant Startup      $       7,764,000  
   (unadjusted) CTPI  $     86,957,000  
      Fsite 0.95 
    CTPI  $     82,609,000  
          
Total Capital Investment     
CTPI Total Permanent Investment      $     82,609,000  
CWC Working Capital    $          178,000  
      CTCI  $     82,787,000  
 
Table 3.6:  Capital investment requirements for the base case 
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3.7. Utility Requirements 
 
Table 3.7 below shows the utility requirements for equipment used in the base case. Cooling 
water throughout the process is being recycled as it flows between the hot water tank and the 
cool water tank. As a result, the only utility requirement for the base case is the electricity to run 
the compressors and cool water pump for 20 hours per day and to run the hot water pump for 
four hours per day. Due to the low power requirement of the pumps, the compressors have a 
much greater annual utility cost than the pumps. 
 
Equipment Unit 
No. 
Power 
(kW) 
Annual Consumption 
(kW-h) 
Price 
($/kW-h) 
Annual 
Cost 
Compressor 1 C-101 141 928,168  $        0.06 $   55,690  
Compressor 2 C-102 146 964,145  $        0.06 $   57,849  
Compressor 3 C-103 146 964,145  $        0.06 $   57,849  
Compressor 4 C-104 146 964,145  $        0.06 $   57,849  
Hot Water Pump P-101 1.12 1,484  $        0.06 $          89  
Cool Water Pump P-102 1.17 7,702  $        0.06 $        462  
Total Annual Electricity Cost   $ 229,787  
 
Table 3.7: Utility requirements for the base case 
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3.8. Operating Cost Summary 
 
The variable operating costs for the base case can be seen in Table 3.8. The variable operating 
costs for the base case consist primarily of the electricity utility required to power the 
compressors and pumps. Additional variable operating costs arise from general expenses, which 
include selling/transfer expenses which account for 3% of sales, administrative expenses which 
account for 2% of sales, and management incentive compensation allotments which account for 
1.25% of sales. 
 
  Annual Cost 
General Expenses     
  Selling / Transfer Expenses: $        7,920  
  Administrative Expense: $        5,280  
  Management Incentive Compensation: $        3,300  
Total General Expenses   $      16,500  
      
Utilities       
  Electricity  $      230,000 
        
Total Variable Costs   $      246,500 
 
Table 3.8: Variable operating costs for the base case 
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Table 3.9 details the fixed operating costs for the base case. The largest portion of fixed 
operating costs for the base case is maintenance, which totals to 72.3% of all total fixed costs. 
This is due to the fact that maintenance costs are calculated as a percentage of total depreciable 
capital. With relatively high capital costs involved with the base case, fixed operating costs are 
correspondingly high as well.  
 
   Annual Cost 
Operations     
  Direct Wages and Benefits $        364,000  
  Direct Salaries and Benefits $          55,000  
  Operating Supplies and Services $          22,000  
Total Operations   $        441,000  
      
Maintenance     
  Wages and Benefits  $     3,494,000  
  Salaries and Benefits $        873,000  
  Materials and Services $     3,494,000  
  Maintenance Overhead $        175,000  
Total Maintenance  $     8,036,000  
        
Operating Overhead    
  General Plant Overhead: $        340,000  
  Mechanical Department Services: $        115,000  
  Employee Relations Department: $        282,000  
  Business Services:  $        354,000  
Total Operating Overhead   $     1,091,000  
      
Property Taxes and Insurance     
  Property Taxes and Insurance: $     1,553,000  
        
Total Fixed Costs   $   11,121,000  
 
Table 3.9: Fixed operating costs for the base case 
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3.9. Overall Economic Analysis 
 
Profitability measures from the third production year are shown below in Table 3.10. With a 
negative ROI of -13.72%, the base case is not a profitable scenario. The return on investment for 
the base case is negative due to the high annual costs in comparison with annual sales. These 
values were calculated using $0.06/kW-h as the off-peak cost of electricity and $0.20/kW-h as 
the peak price of electricity. 
 
  
Annual Sales $               206,000  
Annual Costs $       (11,779,000) 
Depreciation $         (6,609,000) 
Income Tax $            6,727,000  
Net Earnings $       (11,454,000) 
Total Capital Investment $          83,456,000  
ROI   -13.72% 
 
Table 3.10: Return on investment for the base case 
 
  
 Compressed Air Energy Storage  
52 
Different prices for peak electricity are explored below in the form of a sensitivity analysis in 
Table 3.11. The return on investment remains strongly negative even as the price of peak 
electricity increases significantly. 
 
One metric with which the feasibility of a case can be analyzed is the price of peak electricity at 
which the return on investment is zero. This allows us to compare cases in a way that may 
provide more insight than a regular ROI percentage. In order to achieve a ROI of 0.0% for the 
base case scenario, the price of peak electricity must be $19.00, nearly 100x the ordinary cost of 
peak electricity. Though this is a highly unlikely scenario, it demonstrates the infeasibility of the 
base case scenario and the unlikelihood that it would ever be profitable. 
 
Price of Peak 
Electricity ($/kW-h) 
ROI 
$0.01 -13.87% 
$0.10 -13.80% 
$1.00 -13.13% 
$5.00 -10.16% 
$10.00 -6.49% 
$15.00 -2.87% 
$20.00 0.71% 
  
Breakeven Price $19.00/kW-h 
 
Table 3.11 Sensitivity analysis on peak prices for the base case 
 
  
University of Pennsylvania 
53 
3.10. System Efficiency 
 
The efficiency of this process was calculated to be 34.39%. This number was arrived at by 
dividing the sum of the energy outputs by the sum of the energy inputs. The energy outputs for 
this case include the energy produced from the turbines. The energy inputs include the energy 
required to power the multi-stage compressor and the energy needed to power the two pumps.  
The energy required for and gained from each unit mentioned can be found in Table 3.12 below.  
 
Electricity Sinks 
Unit Electricity (kW-h/day) 
C-101 2,812.62 
C-102 2,922.37 
C-103 2,922.37 
C-104 2,922.37 
P-101 4.5 
P-102 23 
    
Electricity Sources 
T-101 1,710 
T-102 1,980 
T-103 151 
T-104 151 
  
System Efficiency 34.39% 
 
Table 3.12: Electricity sink and source locations for the base case 
 
Energy requirements for the compressor come mainly from the flow rate of air passing through 
the compressor. Major losses in efficiency come from the compressor and the expander. A 
representative from Dresser Rand recommended that an 85% efficiency for the compressor and 
82% efficiency for the turbine be used. Additionally, while we tried to use as much of the heat 
generated during the compression process as possible, there was still some loss of heat, which 
contributed to the low efficiency of this process.   
 Compressed Air Energy Storage  
54 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Variation 1: Base Case Re-analysis with Water 
Tank Heat Loss 
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4.1. Process Flow Diagram and Material Balance 
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Stream Number A1 A2 A3 A4 A5 A6 A7 
Temperature (ºF) 77.0 276.5 100.0 299.5 100.0 299.5 100.0 
Pressure (psia) 14.7 46.7 46.7 148.7 148.7 472.7 472.7 
Vapor Fraction 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Mass Flow (lb/hr) 9991 9991 9991 9991 9991 9991 9991 
Molar Flow (lbmol/hr) 345.0 345.0 345.0 345.0 345.0 345.0 345.0 
Component Molar Flow 
(lbmol/hr) 
       
        Air 345.0 345.0 345.0 345.0 345.0 345.0 345.0 
        Water 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 
Stream Number A8 A9 A10 A11 A12 A13 A14 
Temperature (ºF) 299.5 100.0 77.0 185.0 2.2 185.0 2.2 
Pressure (psia) 1503.2 1503.2 1503.2 1503.2 472.7 472.7 148.7 
Vapor Fraction 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Mass Flow (lb/hr) 9991 9991 49956 49956 49956 49956 49956 
Molar Flow (lbmol/hr) 345.0 345.0 1725.0 1725.0 1725.0 1725.0 1725.0 
Component Molar Flow 
(lbmol/hr) 
       
        Air 345.0 345.0 1725.0 1725.0 1725.0 1725.0 1725.0 
        Water 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 
Stream Number A15 A16 A17 A18 W1 W2 W3 
Temperature (ºF) 185.0 2.2 185.0 2.2 77.0 77.0 77.0 
Pressure (psia) 148.7 46.7 46.7 14.7 175.0 150.0 150.0 
Vapor Fraction 1.0 1.0 1.0 1.0 0.0 0.0 0.0 
Mass Flow (lb/hr) 49956 49956 49956 49956 8152 2039 2038 
Molar Flow (lbmol/hr) 1725.0 1725.0 1725.0 1725.0 452.5 113.2 113.1 
Component Molar 
Flow (lbmol/hr) 
       
        Air 1725.0 1725.0 1725.0 1725.0 0.0 0.0 0.0 
        Water 0.0 0.0 0.0 0.0 452.5 113.2 113.1 
 
Table 4.1: Material balance stream summary for the heat loss case  
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Stream Number W4 W5 W6 W7 W8 W9 W10 
Temperature (ºF) 77.0 77.0 273.0 296.0 296.0 296.0 290.3 
Pressure (psia) 150.0 150.0 150.0 150.0 150.0 150.0 150.0 
Vapor Fraction 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Mass Flow (lb/hr) 2038 2038 2039 2038 2038 2038 8152 
Molar Flow (lbmol/hr) 113.1 113.1 113.2 113.1 113.1 113.1 452.5 
Component Molar Flow 
(lbmol/hr) 
       
        Air 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
        Water 113.1 113.1 113.2 113.1 113.1 113.1 452.5 
 
Stream Number W11 W12 W13 W14 W15 W16 W17 
Temperature (ºF) 200 200 200 200 200 200 78.8 
Pressure (psia) 150.0 175.0 150.0 150.0 150.0 150.0 150.0 
Vapor Fraction 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Mass Flow (lb/hr) 43706 43706 10404 11101 11101 11101 10404 
Molar Flow (lbmol/hr) 2426.1 2426.1 577.5 616.2 616.2 616.2 577.5 
Component Molar 
Flow (lbmol/hr) 
       
        Air 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
        Water 2426.1 2426.1 577.5 616.2 616.2 616.2 577.5 
 
Stream Number W18 W19 W20 W21 W22   
Temperature (ºF) 4.0 4.0 4.0 4.0 77.0   
Pressure (psia) 150.0 150.0 150.0 150.0 14.7   
Vapor Fraction 0.0 0.0 0.0 0.0 0.0   
Mass Flow (lb/hr) 11101 11101 11101 43706 8152   
Molar Flow (lbmol/hr) 616.2 616.2 616.2 2426.1 452.5   
Component Molar 
Flow (lbmol/hr) 
       
        Air 0.0 0.0 0.0 0.0 0.0   
        Water 616.2 616.2 616.2 2426.1 452.5   
 
Table 4.1: Material balance stream summary for the heat loss case (continued)  
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4.2. Process Description 
 
In the base case, the assumption was made that the temperature of the water in the insulated 
storage tank (V-102) did not change over time. This assumption is not completely accurate as 
there is heat transfer with the ambient air throughout the time the compression process is taking 
place, despite the insulation. For this reason, we have modeled an additional process that reflects 
more accurately the temperature change in the tank. 
 
The process here is exactly the same as the process described in the base case. The primary 
difference here is that the heat transfer in the water tank is taken into account and therefore the 
flow rate and outlet temperature of the air through the expander is different. 
 
Temperature of Hot Water: 
 
The tank (V-102) is filled throughout the 20 hours of compression. It is difficult to calculate the 
exact temperature drop of the water as different amount of water are in the tank for different 
amounts of time. In the case of the heated air kept in V-101, it was fairly easy to estimate that the 
air reverts to ambient temperature because this happens very quickly, regardless of the amount of 
air. However, water has a much higher heat capacity and therefore this value was more difficult 
to estimate. It is for this reason that we assume the temperature of the water drops from 296°F to 
200°F. 
 
Air Flow Rate and Temperature: 
 
Due to the fact that the temperature of the hot water in this case is lower than in the preceding 
design, the air leaving the storage tank (V-101) cannot be heated to as high a temperature. 
Additionally, the air leaving each turbine will no longer be at ambient temperature. For this 
reason a higher flow rate of air is needed during each half hour interval in order to still produce 
four MW-h (1 MW over four hours). 
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4.3. Equipment List 
 
Table 4.2 shows the list of equipment details for the heat loss case. Due to the similarities 
between the heat loss case and base case, one may refer to the base case unit descriptions.  
 
Unit No. Unit Type Function Size Material 
Oper. T 
(°F) 
Oper. P 
(psia) 
C-101 Compressor 1 
Increase pressure of air 
stream 
Pc = 225.93 hp 
Carbon 
Steel 
276.48 46.75 
C-102 Compressor 2 
Increase pressure of air 
stream 
Pc = 234.74 hp 
Carbon 
Steel 
299.48 148.65 
C-103 Compressor 3 
Increase pressure of air 
stream 
Pc = 234.74 hp 
Carbon 
Steel 
299.48 472.71 
C-104 Compressor 4 
Increase pressure of air 
stream 
Pc = 234.74 hp 
Carbon 
Steel 
299.48 1500 
T-101 Turbine 1 
Recover energy from 
compression 
Pc = 564.39 hp 
Carbon 
Steel 
4.275 472.71 
T-102 Turbine 2 
Recover energy from 
compression 
Pc = 674.44 hp 
Carbon 
Steel 
2.17 148.33 
T-103 Turbine 3 
Recover energy from 
compression 
Pc = 51.33 hp 
Carbon 
Steel 
2.17 46.65 
T-104 Turbine 4 
Recover energy from 
compression 
Pc = 51.33 hp 
Carbon 
Steel 
2.17 14.7 
HTX-101 Intercooler 1 
Cool air between 
compression stages 
A = 299.4 ft2 
Carbon 
Steel 
100 46.75 
HTX-102 Intercooler 2 
Cool air between 
compression stages 
Q = 354,696 Btu/hr" 
Carbon 
Steel 
100 148.65 
HTX-103 Intercooler 3 
Cool air between 
compression stages 
A = 259.4 ft2 
Carbon 
Steel 
100 472.71 
HTX-104 Intercooler 4 
Cool air after last 
compression stage 
Q = 401,178 Btu/hr" 
Carbon 
Steel 
100 1,500 
HTX-105 Interheater 1  
Heat air before first 
expansion stage 
A = 259.4 ft2 
Carbon 
Steel 
159.82 1,500 
HTX-106 Interheater 2 
Heat air between 
expansion stages 
Q = 401,178 Btu/hr" 
Carbon 
Steel 
185 471.7 
HTX-107 Interheater 3 
Heat air between 
expansion stages 
A = 259.4 ft2 
Carbon 
Steel 
185 148.3 
HTX-108 Interheater 4 
Heat air between 
expansion stages 
Q = 401,178 Btu/hr" 
Carbon 
Steel 
185 46.65 
V-101 
Air Pressure 
Vessel 
Store compressed air 
during off-peak hours 
A = 1,386.3 ft2 
Carbon 
Steel 
88.5 1500 
V-102 
Hot Water 
Tank 
Store recycled pressurized 
water 
Q = 1,291,953 Btu/hr" 
Carbon 
Steel 
200 150 
V-103 
Cool Water 
Tank 
Store recycled pressurized 
water 
A = 2,345.1 ft2 
Carbon 
Steel 
77.8 14.7 
P-101 
Hot Water 
Pump 
Pump hot pressurized 
water to heat exchangers 
Q = 2,185,501 Btu/hr" Cast Iron 200 150 
P-102 
Cool Water 
Pump 
Pump pressurized water 
to heat exchangers 
A = 2,345.1 ft2 Cast Iron 77 150 
 
Table 4.2: Detailed equipment list for the heat loss case 
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4.4. Specification Sheets 
 
Table 4.3 reiterates the equipment list and provides the page number on which the specification 
sheets can be found. 
 
Page Unit No. Unit Name 
 61 C-101 Compressor 1 
 62 C-102 Compressor 2 
 63 C-103 Compressor 3 
 64 C-104 Compressor 4 
 65 T-101 Turbine 1 
 66 T-102 Turbine 2 
 67 T-103 Turbine 3 
 68 T-104 Turbine 4 
 69 HTX-101 Intercooler 1 
 70 HTX-102 Intercooler 2 
 71 HTX-103 Intercooler 3 
 72 HTX-104 Intercooler 4 
 73 HTX-105 Interheater 1 
 74 HTX-106 Interheater 2 
 75 HTX-107 Interheater 3 
 76 HTX-108 Interheater 4 
 77 V-101 Air Pressure Vessel 
 78 V-102 Hot Water Tank 
 79 V-103 Cool Water Tank 
 80 P-101 Hot Water Pump 
 81 P-102 Cool Water Pump 
 
Table 4.3: Specification sheet index for equipment used in the heat loss case 
  
University of Pennsylvania 
61 
     
Compressor 1 
     
     
Identification:     
 Item Compressor Date 4/15/14 
 Item No. C-101 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Compress air through the first stage 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A1 A2 
 Quantity (lb/hr) 9994.36 9994.36 
 Temperature (F) 77 276.48 
 Pressure (psia) 14.17 46.75 
     
     
Design Data: 
 Type Reciprocating Compressor 
 Material Carbon Steel 
 Net Work (hp) 225.93 
 Efficiency 0.85 
     
     
Cost Data:     
     
 CP $ 259,000  
 CBM $ 557,000  
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Compressor 2 
     
     
Identification:     
 Item Compressor Date 4/15/14 
 Item No. C-102 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Compress air through the second stage 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A3 A4 
 Quantity (lb/hr) 9994.36 9994.36 
 Temperature (F) 100 299.48 
 Pressure (psia) 46.75 148.65 
     
     
Design Data: 
 Type Reciprocating Compressor 
 Material Carbon Steel 
 Net Work (hp) 234.74 
 Efficiency 0.85 
     
     
Cost Data:     
     
 CP $ 267,000  
 CBM $ 574,000  
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Compressor 3 
     
     
Identification:     
 Item Compressor Date 4/15/14 
 Item No. C-103 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Compress air through the third stage 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A5 A6 
 Quantity (lb/hr) 9994.36 9994.36 
 Temperature (F) 100 299.48 
 Pressure (psia) 148.65 472.71 
     
     
Design Data: 
 Type Reciprocating Compressor 
 Material Carbon Steel 
 Net Work (hp) 234.74 
 Efficiency 0.85 
     
     
Cost Data:     
     
 CP $ 267,000  
 CBM $ 574,000  
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Compressor 4 
     
     
Identification:     
 Item Compressor Date 4/15/14 
 Item No. C-104 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Compress air through the fourth stage 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A7 A8 
 Quantity (lb/hr) 9994.36 9994.36 
 Temperature (F) 100 299.48 
 Pressure (psia) 472.71 1500 
     
     
Design Data: 
 Type Reciprocating Compressor 
 Material Carbon Steel 
 Net Work (hp) 234.74 
 Efficiency 0.85 
     
     
Cost Data:     
     
 CP $ 267,000  
 CBM $ 574,000  
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Turbine 1 
     
     
Identification:     
 Item Turbine Date 4/15/14 
 Item No. T-101 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Expand air as first stage 
     
     
Operation: 4 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A11 A12 
 Quantity (lb/hr)   
 Range 46,208.43 – 54,476.73 46,208.43 – 54,476.73 
 Average 49,971.82 49,971.82 
 Temperature (F)   
 Range 132.45-185 1.71-6.84 
 Average   
 Pressure (psia) 1,500 472.71 
     
     
Design Data: 
 Type Electric Turbine 
 Material Carbon Steel 
 Net Work (hp)  
 Range 493.83 – 623.37 
 Average 564.39 
 Efficiency 0.82 
     
     
Cost Data:     
     
 CP $ 853,000  
 CBM $ 1,834,000  
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Turbine 2 
     
     
Identification:     
 Item Turbine Date 4/15/14 
 Item No. T-102 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Expand air as second stage 
     
     
Operation: 4 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A13 A14 
 Quantity (lb/hr)   
 Range 46208.43-54476.73 46208.43-54476.73 
 Average 49971.82 49971.82 
 Temperature (F) 185 2.17 
 Pressure (psia) 472.71 148.33 
     
     
Design Data: 
 Type Electric Turbine 
 Material Carbon Steel 
 Net Work (hp)  
 Range 623.65-735.24 
 Average 674.44 
 Efficiency 0.82 
     
     
Cost Data:     
     
 CP $ 853,000  
 CBM $ 1,834,000  
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Turbine 3 
     
     
Identification:     
 Item Turbine Date 4/15/14 
 Item No. T-103 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Expand air as third stage 
     
     
Operation: 4 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A15 A16 
 Quantity (lb/hr)   
 Range 46208.43-54476.73 46208.43-54476.73 
 Average 49971.82 49971.82 
 Temperature (F) 185 2.17 
 Pressure (psia) 148.33 46.65 
     
     
Design Data: 
 Type Electric Turbine 
 Material Carbon Steel 
 Net Work (hp)  
 Range 47.46-55.95 
 Average 51.33 
 Efficiency 0.82 
     
     
Cost Data:     
     
 CP $ 853,000  
 CBM $ 1,834,000  
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Turbine 4 
     
     
Identification:     
 Item Turbine Date 4/15/14 
 Item No. T-104 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Expand air as fourth stage 
     
     
Operation: 4 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A17 A18 
 Quantity (lb/hr)   
 Range 46208.43-54476.73 46208.43-54476.73 
 Average 49971.82 49971.82 
 Temperature (F) 185 2.17 
 Pressure (psia) 46.65 14.7 
     
     
Design Data: 
 Type Electric Turbine 
 Material Carbon Steel 
 Net Work (hp)  
 Range 47.46-55.95 
 Average 51.33 
 Efficiency 0.82 
     
     
Cost Data:     
     
 CP $ 853,000  
 CBM $ 1,834,000  
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Intercooler 1 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-101 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Cool air after it passes through first compressor 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID A2 A3 W2 W6 
 Quantity (lb/hr) 9994.36 9994.36 2037.6 2037.6 
 Temperature (F) 276.48 100 77 273 
 Pressure (psia) 46.75 46.75 150 150 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 354,696 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 299.4 
     
     
Cost Data:     
     
 CP $ 23,000  
 CBM $ 73,000  
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Intercooler 2 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-102 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Cool air after it passes through second compressor 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID A4 A5 W3 W7 
 Quantity (lb/hr) 9994.36 9994.36 2037.6 2037.6 
 Temperature (F) 299.48 100 77 296 
 Pressure (psia) 148.65 148.65 150 150 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 401,178 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 259.4 
     
     
Cost Data:     
     
 CP $ 23,000  
 CBM $ 73,000  
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Intercooler 3 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-103 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Cool air after it passes through third compressor 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID A6 A7 W4 W8 
 Quantity (lb/hr) 9994.36 9994.36 2037.6 2037.6 
 Temperature (F) 300 100 77 296 
 Pressure (psia) 472.71 472.71 150 150 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 401,178 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 259.4 
     
     
Cost Data:     
     
 CP $ 23,000  
 CBM $ 73,000  
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Intercooler 4 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-104 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Cool air after it passes through fourth compressor 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID A8 A9 W5 W9 
 Quantity (lb/hr) 9994.36 9994.36 2037.6 2037.6 
 Temperature (F) 299.48 100 77 296 
 Pressure (psia) 1500 1500 150 150 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 401,178 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 259.4 
     
     
Cost Data:     
     
 CP $ 23,000  
 CBM $ 73,000  
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Interheater 1 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-105 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Heat air before entering first turbine 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID W16 W20 A10 A11 
 Quantity (lb/hr)     
 Range - - 46208.43-
54476.73 
46208.43-
54476.73 
 Average 10395 10395 49971.82 49971.82 
 Temperature (F)     
 Range   33.25-77 241.25-285 
 Average 200 78.8 51.82 159.82 
 Pressure (psia) 150 150 1500 1500 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 1291953 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 1386.3 
     
     
Cost Data:     
     
 CP $ 36,000  
 CBM $ 114,000  
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Interheater 2 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-106 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Heat air before entering second turbine 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID W15 W19 A12 A13 
 Quantity (lb/hr)     
 Range - - 46208.43-
54476.73 
46208.43-
54476.73 
 Average 11091.6 11091.6 49971.82 49971.82 
 Temperature (F)     
 Average 200 3.96 3.83 185 
 Pressure (psia) 150 150 471.7 471.7 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 2185501 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 2345.1 
     
     
Cost Data:     
     
 CP $ 46,000  
 CBM $ 146,000  
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Interheater 3 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-107 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Heat air before entering third turbine 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID W14 W18 A14 A15 
 Quantity (lb/hr)     
 Range - - 46208.43-
54476.73 
46208.43-
54476.73 
 Average 11091.6 11091.6 49971.82 49971.82 
 Temperature (F)     
 Average 200 3.96 2.17 185 
 Pressure (psia) 150 150 148.3 148.3 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 2185501 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 2345.1 
     
     
Cost Data:     
     
 CP $ 46,000  
 CBM $ 146,000  
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Interheater 4 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-108 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Heat air before entering fourth turbine 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID W13 W17 A16 A17 
 Quantity (lb/hr)     
 Range - - 46208.43-
54476.73 
46208.43-
54476.73 
 Average 11091.6 11091.6 49971.82 49971.82 
 Temperature (F)     
 Average 200 3.96 2.17 185 
 Pressure (psia) 150 150 46.65 46.65 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 2,089,887 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 2345.1 
     
     
Cost Data:     
     
 CP $ 46,000  
 CBM $ 146,000  
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Air Pressure Vessel 
     
     
Identification:     
 Item Pressure Vessel Date 4/15/14 
 Item No. V-101 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Store the expanded air 
     
     
Operation: Continuous 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A9 A10 
 Quantity (lb/hr)   
 Range - 46208.43-54476.73 
 Average 9994.36 49971.82 
 Temperature (F) 100 77-100 
 Pressure (psia) 1500 1500 
     
     
Design Data: 
 Type Cylindrical Tank 
 Tank Material Carbon Steel 
 Tank Volume (gal) 776,363.27 
     
     
Cost Data:     
     
 CP $ 16,082,000  
 CBM $ 49,050,000  
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Hot Water Tank 
     
     
Identification:     
 Item Pressure Vessel Date 4/15/14 
 Item No. V-102 By JC/AS/LT/JZ 
 No. Required 2   
     
     
Function: Store the heated water 
     
     
Operation: Continuous 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID W10 W11 
 Quantity (lb/hr) 8145 43669.8 
 Temperature (F) 290.25 200 
 Pressure (psia) 150 150 
     
     
Design Data: 
 Type Insulated Cylindrical Tank 
 Tank Material Carbon Steel 
 Tank Volume (gal) 9,768 
     
     
Cost Data:     
     
 CP $ 26,000  
 CBM $ 78,000  
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Cool Water Tank 
     
     
Identification:     
 Item Storage Vessel Date 4/15/14 
 Item No. V-103 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Store the used water 
     
     
Operation: Continuous 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID W21 W22 
 Quantity (lb/hr) 43669.8 8145 
 Temperature (F) 3.96 77.8 
 Pressure (psia) 150 14.7 
     
     
Design Data: 
 Type Insulated Cylindrical Tank 
 Tank Material Carbon Steel 
 Tank Volume (gal) 20,950 
     
     
Cost Data:     
     
 CP $ 54,000  
 CBM $ 165,000  
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Hot Water Pump  
     
     
Identification:     
 Item Water Pump Date 4/15/14 
 Item No. P-101 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Pump water to interheaters 
     
     
Operation: 4 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID W11 W12 
 Quantity (lb/hr) 43669.8 43669.8 
 Temperature (F) 200 200 
 Pressure (psia) 150 150 
     
     
Design Data: 
 Type Water Pump 
 Tank Material Cast Iron 
 Net Work (hp) 1.68 
 Efficiency 0.82 
     
     
Cost Data:     
     
 CP $ 7,000  
 CBM $ 23,000  
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Cool Water Pump  
     
     
Identification:     
 Item Water Pump Date 4/15/14 
 Item No. P-102 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Pressurize the system water, deliver to intercoolers 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID W22 W1 
 Quantity (lb/hr) 8145 8145 
 Temperature (F) 77 77 
 Pressure (psia) 14.7 150 
     
     
Design Data: 
 Type Water Pump 
 Tank Material Cast Iron 
 Net Work (hp) 1.868 
 Efficiency 0.82 
     
     
Cost Data:     
     
 CP $ 7,000  
 CBM $ 23,000  
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4.5. Equipment Cost Summary 
 
As seen in Table 4.4 below, the equipment costs for the heat loss case are extremely similar to 
those of the base case. The compressor stages in the heat loss case are more expensive due to a 
higher horsepower requirement, though the interheaters in this case are less expensive due to the 
lower heat duty transferred. The bare module costs of the base case and the heat loss case vary 
only by roughly $50,000.  
 
Unit No. Unit Name  Purchase Cost  Bare Module Factor  Bare Module Cost  
C-101 Compressor 1 $        259,000 2.15 $              557,000 
C-102 Compressor 2 $        267,000 2.15 $              574,000 
C-103 Compressor 3 $        267,000 2.15 $              574,000 
C-104 Compressor 4 $        267,000 2.15 $              574,000 
T-101 Turbine 1 $        853,000 2.15 $           1,834,000 
T-102 Turbine 2 $        853,000 2.15 $           1,834,000 
T-103 Turbine 3 $        853,000 2.15 $           1,834,000 
T-104 Turbine 4 $        853,000 2.15 $           1,834,000 
HTX-101 Intercooler 1 $          23,000 3.17 $                73,000 
HTX-102 Intercooler 2 $          23,000 3.17 $                73,000 
HTX-103 Intercooler 3 $          23,000 3.17 $                73,000 
HTX-104 Intercooler 4 $          23,000 3.17 $                73,000 
HTX-105 Interheater 1 $          36,000 3.17 $              114,000 
HTX-106 Interheater 2 $          46,000 3.17 $              146,000 
HTX-107 Interheater 3 $          46,000 3.17 $              146,000 
HTX-108 Interheater 4 $          46,000 3.17 $              146,000 
V-101 Air Pressure Vessel $   16,082,000 3.05 $         49,050,000 
V-102 Hot Water Tank $          51,000 3.05 $              156,000 
V-103 Cool Water Tank $          54,000 3.05 $              165,000 
P-101 Hot Water Pump $            7,000 3.30 $                23,000 
P-102 Cool Water Pump $            7,000 3.30 $                23,000 
    $   20,939,000   $         59,876,000 
 
Table 4.4: Summary of purchase costs and bare module costs of all units for the heat loss 
case 
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4.6. Capital Investment Summary  
 
Table 4.5 shows all item involved in the capital investment requirements for the heat loss case. 
The total capital investment of $83.19MM is very close to the capital requirements of the base 
case, which is intuitive since the heat loss through the hot water tank should not have a 
significant impact on the total capital investment requirements. This is to be expected, due to 
their similar values in total equipment bare module costs. 
 
Bare Module Costs       
CBM Equipment Bare Module Costs     $10,505,000  
Cstore Storage Vessel Bare Module Costs   $49,371,000  
      CTBM $59,876,000  
      
Direct Permanent Investment       
CTBM Total Bare Module Cost   $59,876,000  
Csite Site Preparation     $  2,994,000  
Cserv Service Facilities   $  2,994,000  
Calloc Allocated Costs for Utility Plants      $        -    
    CDPI  $65,864,000  
         
Total Depreciable Capital     
CDPI Direct Permanent Investment      $65,864,000  
Ccont Contingencies and Contractors Fees    $11,856,000  
      CTDC  $77,720,000  
      
Total Permanent Investment       
CTDC Total Depreciable Capital    $77,720,000  
Cland Land      $  1,554,000  
Croyalty Royalty    $         -    
Cstartup Plant Startup      $  7,772,000  
   (unadjusted) CTPI  $87,046,000  
      Fsite 0.95  
    CTPI  $82,694,000  
         
Total Capital Investment     
CTPI Total Permanent Investment      $82,694,000  
CWC Working Capital    $     492,000  
      CTCI  $83,186,000  
 
Table 4.5: Capital investment requirements for the heat loss case 
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4.7. Utility Requirements 
 
A summary of the utility requirements for the heat loss case are shown below in Table 4.6. With 
the addition of heat losses, a greater amount of air must be compressed to continue to produce 1 
MW of energy. Since the compressors are still only turned on for the same 20 hours per day, the 
power requirement of each compression stage increases as compared to the base case. This in 
turn brings up the annual energy consumption of the compressors. 
 
As a result, the total annual cost of electricity in the heat loss case increases by roughly 20%. The 
annual cost of electricity used by the pumps remains nearly negligible as compared to the 
electricity cost of the compressor stages. 
 
Equipment Unit 
No. 
Power 
(kW) 
Annual Consumption 
(kW-h) 
Price 
($/kW-h) 
Annual 
Cost 
Compressor 1 C-101 168  1,111,941  $        0.06 $    66,716  
Compressor 2 C-102 175  1,155,301  $        0.06 $    69,318  
Compressor 3 C-103 175  1,155,301  $        0.06 $    69,318  
Compressor 4 C-104 175  1,155,301  $        0.06 $    69,318  
Hot Water Pump P-101 1.25  1,654  $        0.06 $           99  
Cool Water Pump P-102 1.39  9,194  $        0.06 $         552  
Total Annual Electricity Cost   $ 275,321 
 
Table 4.6: Utility requirements for the heat loss case 
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4.8. Operating Cost Summary 
 
Table 4.7 shows the variable operating costs involved in the heat loss case. Total general 
expenses remain the same as compared to the base case. However, the total variable costs are 
higher than those from the base case as a result of the increased electricity requirement. 
 
  Annual Cost 
General Expenses     
  Selling / Transfer Expenses: $            7,920  
  Administrative Expense: $            5,280  
  Management Incentive Compensation: $            3,300  
Total General Expenses   $          16,500  
      
Utilities       
  Electricity  $        275,300  
        
Total Variable Costs   $        308,000 
 
Table 4.7: Variable operating costs for the heat loss case 
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Table 4.8 shows all items involved in the fixed operating costs for the heat loss case. The fixed 
operating costs of the heat loss case, totaling $11.1MM, are identical to the fixed costs from the 
base case due to the similarities in scale. 
 
      Annual Cost 
Operations     
  Direct Wages and Benefits $364,000  
  Direct Salaries and Benefits $55,000  
  Operating Supplies and Services $22,000  
Total Operations   $441,000  
     
Maintenance    
  Wages and Benefits  $3,494,000  
  Salaries and Benefits $873,000  
  Materials and Services $3,494,000  
  Maintenance Overhead $175,000  
Total Maintenance  $8,036,000  
       
Operating Overhead   
  General Plant Overhead: $340,000  
  Mechanical Department Services: $115,000  
  Employee Relations Department: $282,000  
  Business Services:  $354,000  
Total Operating Overhead   $1,091,000  
     
Property Taxes and Insurance    
  Property Taxes and Insurance: $1,553,000  
       
Total Fixed Costs   $11,121,000  
 
Table 4.8: Fixed operating costs for the heat loss case 
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4.9. Overall Economic Analysis 
 
The minimal changes in capital investment and in operating costs lead to an ROI for the heat loss 
case which is nearly identical to that of the base case. The details are shown in Table 4.9, which 
details the profitability measures from the third year of production. Prices of off-peak and peak 
electricity are once again $0.06/kW-h and $0.20/kW-h, respectively. 
 
  
Annual Sales $           206,000  
Annual Costs $   (11,824,000) 
Depreciation $     (6,615,000) 
Income Tax $       6,746,000  
Net Earnings $  (11,487,000) 
Total Capital Investment $     83,535,000  
ROI   -13.75% 
 
Table 4.9: Return on investment for the heat loss case 
 
It is important to note that the sales values for the base case and the heat loss case are identical, 
which is a result of the intentional manipulation of equipment and process scales to achieve the 
target energy production rate of 1 MW, as called for in the project charter. With identical power 
outputs, the sales values for the two cases are similar. This holds true throughout all of the 
variations observed in this report. 
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A sensitivity analysis on the peak price of electricity and its impact on ROI is explored in Table 
4.10. The values are slightly more negative but overall very similar to the ROI sensitivity 
analysis values from the base case. The breakeven price that is required to achieve a 0.0% ROI 
for the heat loss case is $19.06/kW-h, which is still an unreasonably high value and one that 
would never appear in reality. Based on the similarities between the base case and the heat loss 
case, we can conclude that though the estimated heat loss may impact the system efficiency and 
the utility requirements, it has little effect on the financial return of the overall project. 
 
Price of Peak 
Electricity ($/kW-h) 
ROI 
$0.01 -13.89% 
$0.10 -13.83% 
$1.00 -13.16% 
$5.00 -10.19% 
$10.00 -6.53% 
$15.00 -2.91% 
$20.00 0.67% 
  
Breakeven Price $19.06/kW-h 
 
Table 4.10: Sensitivity analysis on peak prices for the heat loss case 
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4.10. System Efficiency 
 
As expected, because this case estimated heat loss in the hot-water vessel, the efficiency of this 
process is lower than the previous process. The efficiency of this process was calculated to be 
28.76%. This number was arrived at by dividing the sum of the energy outputs by the sum of the 
energy inputs. The energy outputs for this case include the energy produced from the turbines. 
The energy inputs include the energy required to power the multi-stage compressor and the 
energy needed to power the two pumps. The energy required for and gained from each unit 
mentioned can be found in Table 4.11 below. 
 
Electricity Sinks 
Unit Electricity (kW-h/day) 
C-101 3,369.52 
C-102 3,501 
C-103 3,501 
C-104 3,501 
P-101 5.01 
P-102 27.86 
    
Electricity Sources 
T-101 1,683.50 
T-102 2,010 
T-103 153 
T-104 153 
  
System Efficiency 28.76% 
 
Table 4.11: Electricity sink and source locations for the heat loss case 
 
As in the previous model, it was assumed that the compressor and turbine had efficiencies of 
85% and 82% respectively. 
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5. Variation 2: Multiple Stage Compressor and 
Single Stage Turbine 
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5.1. Process Flow Diagram and Material Balance 
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Stream Number A1 A2 A3 A4 A5 A6 A7 
Temperature (ºF) 77.0 276.5 100.0 299.5 100.0 299.5 100.0 
Pressure (psia) 14.7 46.7 46.7 148.7 148.7 472.7 472.7 
Vapor Fraction 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Mass Flow (lb/hr) 13417 13417 13417 13417 13417 13417 13417 
Molar Flow (lbmol/hr) 463.3 463.3 463.3 463.3 463.3 463.3 463.3 
Component Molar 
Flow (lbmol/hr) 
       
        Air 463.3 463.3 463.3 463.3 463.3 463.3 463.3 
        Water 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 
Stream Number A8 A9 A10 A11 A12 W1 W2 
Temperature (ºF) 299.5 100.0 77.0 280.0 -241.4 77.0 77.0 
Pressure (psia) 1503.2 1503.2 1503.2 1503.2 472.7 175.0 150.0 
Vapor Fraction 1.0 1.0 1.0 1.0 1.0 0.0 0.0 
Mass Flow (lb/hr) 13417 13417 67080 67080 67080 10953 2738 
Molar Flow (lbmol/hr) 463.3 463.3 2316.3 2316.3 2316.3 608.0 152.0 
Component Molar 
Flow (lbmol/hr) 
       
        Air 463.3 463.3 2316.3 2316.3 2316.3 0.0 0.0 
        Water 0.0 0.0 0.0 0.0 0.0 608.0 152.0 
 
Stream Number W3 W4 W5 W6 W7 W8 W9 
Temperature (ºF) 77.0 77.0 77.0 273.0 296.0 296.0 296.0 
Pressure (psia) 150.0 150.0 150.0 150.0 150.0 150.0 150.0 
Vapor Fraction 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Mass Flow (lb/hr) 2738 2738 2738 2738 2738 2738 2738 
Molar Flow (lbmol/hr) 152.0 152.0 152.0 152.0 152.0 152.0 152.0 
Component Molar 
Flow (lbmol/hr) 
       
        Air 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
        Water 152.0 152.0 152.0 152.0 152.0 152.0 152.0 
 
Table 5.1: Material balance stream summary for the single turbine case 
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Stream Number W10 W11 W12 W13 W14   
Temperature (ºF) 290.3 290.3 290.3 236.5 77.0   
Pressure (psia) 150.0 150.0 175.0 150.0 150.0   
Vapor Fraction 0.0 0.0 0.0 0.0 0.0   
Mass Flow (lb/hr) 10953 54045 54045 54045 10953   
Molar Flow (lbmol/hr) 608.0 3000.0 3000.0 3000.0 608.0   
Component Molar 
Flow (lbmol/hr) 
       
        Air 0.0 0.0 0.0 0.0 0.0   
        Water 608.0 3000.0 3000.0 3000.0 608.0   
 
Table 5.1: Material balance stream summary for the single turbine case (continued)  
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5.2. Process Description 
 
This process models a CAES system with a single stage turbine. In the base case, the process 
was modeled with a multi-stage turbine to allow for preheating of every air steam entering an 
expansion stage. This was done so that all air leaving an expansion stage is at ambient 
temperature in order to minimize energy losses. However, as seen in Variation 1, if heat loss 
from the water tank is accounted for, the air entering the turbine cannot be heated to 
temperatures high enough to ensure ambient temperatures in the streams leaving each turbine 
stage. For this reason, we chose to model a CAES system with only one turbine stage and only 
one interheater. In this case the air leaving the storage vessel is still heated using the water heated 
during the intercooling stages. Due to the fact that the temperature of this water is not extremely 
hot, the air leaving the turbine is significantly below ambient temperature. This process model 
eliminates the need for multiple turbine stages and multiple interheaters.  
 
The air feed stream (stream A1) enters multistage compressor (C-101, C-102, C-103, C-104) at 
atmospheric pressure (14.7 psia). The compressor compresses the air to 1,500 psia where it is 
then stored in a storage vessel (V-101). The flow rate of the air (stream A1) entering the 
compressor is 13,865 lb/hr. The compressor consists of 4 stages, with intercoolers in between 
each stage. The intercoolers are heat exchangers that take in pressurized water at a pressure of 
150 at atmospheric temperature. The pressurized water enters the heat exchangers through 
streams W2, W3, W4 and W5. Pressurized water is used as opposed to water at atmospheric 
pressure because pressurized water can be heated to higher temperatures than atmospheric water. 
We chose pressurized water for this reason because the heated water leaving the heat exchangers 
will be used to heat the air leaving the tank and entering the turbine (stream A10 ). The heated 
water is stored in an insulated storage tank (V-102), and the compressed air leaving the fourth 
intercooler (HTX-104) after the fourth stage of compression (stream A9) is stored in a 
pressurized vessel (V-101).  
  
The stored air is released through the turbine at the end of the compression process. The turbine 
is a single-stage turbine. The air from the tank (stream A10) first enters a heat exchanger (HTX-
105) and leaves at a temperature of 280°F (stream A11). The heated air then enters the turbine 
and leaves at ambient pressure (stream A12) and temperatures between -241.19 and -234.8°F.  
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5.3. Equipment List and Unit Descriptions 
 
Table 5.2 below details the equipment list required for the single stage turbine case. The unit 
descriptions of the equipment can be found on the proceeding pages. 
 
Unit No. Unit Type Function Size Material 
Oper. T 
(°F) 
Oper.P 
(psia) 
C-101 Compressor 1 
Increase pressure of air 
stream 
Pc = 313.43 hp 
Carbon 
Steel 
276.48 46.75 
C-102 Compressor 2 
Increase pressure of air 
stream 
Pc = 325.66 hp 
Carbon 
Steel 
299.48 148.65 
C-103 Compressor 3 
Increase pressure of air 
stream 
Pc = 325.66 hp 
Carbon 
Steel 
299.48 472.71 
C-104 Compressor 4 
Increase pressure of air 
stream 
Pc = 325.66 hp 
Carbon 
Steel 
299.48 1500 
T-101 Turbine 
Recover energy from 
compression 
Pc = 1,340.9 hp 
Carbon 
Steel 
-240.58  14.7 
HTX-101 Intercooler 1 
Cool air between 
compression stages 
A = 367.4 ft
2
 
Q = 568,293 Btu/hr 
Carbon 
Steel 
 100  46.75 
HTX-102 Intercooler 2 
Cool air between 
compression stages 
A = 415.6 ft
2
 
Q = 642,768 Btu/hr 
Carbon 
Steel 
 100  148.65 
HTX-103 Intercooler 3 
Cool air between 
compression stages 
A = 415.6 ft
2
 
Q = 642,768 Btu/hr 
Carbon 
Steel 
 100  472.7 
HTX-104 Intercooler 4 
Cool air after last 
compression stage 
A = 415.6 ft
2
 
Q = 642,768 Btu/hr 
Carbon 
Steel 
 100  1,500 
HTX-105 Interheater 
Heat air before expansion 
stage 
A = 495 ft
2
 
Q = 3,348,416 Btu/hr 
Carbon 
Steel 
 248.1  1,500 
V-101 
Air Pressure 
Vessel 
Store compressed air during 
off-peak hours 
V = 1,194,405.02 gal 
Carbon 
Steel 
77 1500 
V-102 
Hot Water 
Tank 
Store recycled pressurized 
water 
V = 26,251 gal 
Carbon 
Steel 
290.25 150 
V-103 
Cool Water 
Tank 
Store recycled pressurized 
water 
V = 25,900 gal 
Carbon 
Steel 
77 14.7 
P-101 
Hot Water 
Pump 
Pump hot pressurized water 
to heat exchangers 
Pc = 2.2 hp Cast Iron 290.25 150 
P-102 
Cool Water 
Pump 
Pump pressurized water to 
heat exchangers 
Pc = 2.51 hp Cast Iron 77 150 
 
Table 5.2: Detailed equipment list for the single stage turbine case 
 
Four Stage Compressor 
  
A multi-stage reciprocating compressor with four stages was used to compress the air. A 
pressure ratio of 3.18 was used to compress the air from 14.7 psia to 1,500 psia. We chose this 
pressure ratio because it produces the final desired pressure without the air streams (streams A2, 
A4, A6, A8) becoming too hot. The flow rate of air into each stage is 13,865 lb/hr. Specifications 
for each stage are below. 
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Compressor Stage 1 (C-101): 
  
The first stage of the compressor compresses the air from 14.7 psia to 46.75 psia. The inlet 
temperature to the compressor is 77°F and the outlet is 276.48°F. The net work of the 
compressor is 313.43 hp. The bare module cost for this unit is $705,000. 
  
Compressor Stage 2 (C-102): 
  
The second stage of the compressor compresses the air from 46.75 psia to 148.65 psia. The inlet 
temperature to this stage is 100°F and the outlet temperature is 299.48°F. The net work of the 
compressor is 325.66 hp. The bare module cost for this unit is $705,000. 
  
Compressor Stage 3 (C-103): 
  
The third stage of the compressor compresses the air from 148.65 psia to 472.71psia. The inlet 
temperature to this stage is 100°F and the outlet temperature is 299.48°F. The net work of the 
compressor is 325.66 hp. The bare module cost for this unit is $729,000. 
  
Compressor Stage 4 (C-104): 
  
The second stage of the compressor compresses the air from 472.71 psia to 1500 psia. The inlet 
temperature to this stage is 100°F and the outlet temperature is 299.48°F. The net work of the 
compressor is 325.66 hp. The bare module cost for this unit is $729,000. 
  
Intercoolers 
  
There are four intercoolers in our process, one after each of the four compression stages. The 
intercoolers are heat exchangers that take in water at a temperature of 77°F and a pressure of 150 
psia. Specifications for each unit are below. 
  
Intercooler 1 (HTX-101): 
  
This intercooler cools the air leaving the first compression stage (stream A2) with water. The 
flow rate of the water entering the intercooler (stream W2) is 2736 lb/hour. The area of the heat 
exchanger is 367.4 square feet. The intercooler cools the air from 276.48°F (stream A2) to 100°F 
(stream A3). The water leaves the intercooler at 273°F (stream W6). The bare module cost for 
this unit is $76,000. 
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Intercooler 2 (HTX-102): 
  
This intercooler cools the air leaving the second compression stage (stream A4) with water. The 
flow rate of the water entering the intercooler (stream W3) is 2,736 lb/hour. The area of the heat 
exchanger is 415.6 square feet. The intercooler cools the air from 299.48°F (stream A4) to 100°F 
(stream A5). The water leaves the intercooler at 296°F (stream W7). The bare module cost for 
this unit is $76,000. 
  
Intercooler 3 (HTX-103): 
  
This intercooler cools the air leaving the third compression stage (stream A6) with water. The 
flow rate of the water entering the intercooler (stream W4) is 2736 lb/hour. The area of the heat 
exchanger is 415.6 square feet. The intercooler cools the air from 299.48°F (stream A6) to 100°F 
(stream A7). The water leaves the intercooler at 296°F. The bare module cost for this unit is 
$76,000. 
  
Intercooler 4 (HTX-104): 
  
This intercooler cools the air leaving the fourth compression stage (stream A8) with water. The 
flow rate of the water entering the intercooler (stream W5) is 2736 lb/hour. The area of the heat 
exchanger is 415.6 square feet. The intercooler cools the air from 299.48°F (stream A8) to 100°F 
(stream A9). The water leaves the intercooler at 296°F. The bare module cost of this unit is 
$76,000. 
  
Additional Equipment 
 
Single-Stage Turbine (T-101): 
  
A single-stage turbine was used to expand the air. The air is expanded from 1500 psia to 14.7 
psia. The air enters the turbine (stream A11) at a range between 233-280°F and leaves the turbine 
at a temperature range between -234.8 and -241.19°F and at ambient pressure. As mentioned 
earlier, the flow rate flowing into each turbine varies with time. The bare module cost for this 
unit is $2,604,000. 
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Hour Flow Rate (lb/hr) 
0.5 32,610 
1.0 34,130 
1.5 34,393 
2.0 34,663 
2.5 34,941 
3.0 35,226 
3.5 35,519 
4.0 35,821 
 
Table 5.3: Varying flow rates of air through the turbine for the single stage turbine case  
 
Interheater (HTX-105): 
  
There is one heater in our process. The interheater is a heat exchanger that takes in water at a 
temperature of 290.25°F and a pressure of 150 psia. This heater heats the air leaving the air 
storage tank (stream A10) with water. The flow rate of the water entering the heater (stream 
W12) is 54000 lb/hour. The area of the heat exchanger is 495 square feet. The heater heats the air 
from 77°F (stream A10) to 280°F (stream A11). The bare module cost of this unit is $79,000. 
  
Hot Water Pump (P-101): 
  
This pump is used to pump the water from the storage tank (V-102) into the interheater. The 
pump has a power requirement of 2.21 hp, and the bare module cost of this unit is $23,000, 
including a spare. 
 
Cool Water Pump (P-102): 
  
This pump is used to pressurize the water used in streams W2, W3, W4, and W5 which enter the 
intercoolers of the multi-stage compressor. The inlet pressure and temperatures are 14.7 psia and 
77°F, and the outlet temperature and pressure are 150 psia and 77°F. The pump has a power 
requirement of 2.51 hp and a bare module cost of $23,000, including a spare. 
  
Air Pressure Vessels (V-101): 
  
These insulated tanks are used to store the compressed air until it is expanded through the turbine. 
52 cylindrical tanks are used, each with a diameter of 9 feet and a length of 42 feet. The volume 
of each of these tanks is 22,842 gallons. The pressure in the tanks is 1,500 psia and the 
temperature is initially 100°F, but falls to 77°F over a short time.  
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Hot Water Tank (V-102): 
  
This insulated tank unit is composed of three smaller tanks, each 8,750 gallons. The unit is used 
to store the outlet, heated water (streams W6, 7, W8 W9) from the intercoolers. The collective 
bare module cost is $296,000. 
  
Cool Water Tank (V-103): 
  
This tank is used to store the used recycled water from the intercoolers and heaters. The volume 
of this tank is 25,905 gallons, and the bare module cost is $293,000. 
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5.4. Specification Sheets 
 
The equipment units and the page location of their specification sheets are shown in Table 5.4. 
 
Page Unit No. Unit Name 
 101 C-101 Compressor 1 
 102 C-102 Compressor 2 
 103 C-103 Compressor 3 
 104 C-104 Compressor 4 
 105 T-101 Turbine 
 106 HTX-101 Intercooler 1 
 107 HTX-102 Intercooler 2 
 108 HTX-103 Intercooler 3 
 109 HTX-104 Intercooler 4 
 110 HTX-105 Interheater 
 111 V-101 Air Pressure Vessel 
 112 V-102 Hot Water Tank 
 113 V-103 Cool Water Tank 
 114 P-101 Hot Water Pump 
 115 P-102 Cool Water Pump 
 
Table 5.4: Specification sheet index for equipment used in the single stage turbine case   
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Compressor 1 
     
     
Identification:     
 Item Compressor Date 4/15/14 
 Item No. C-101 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Compress the air as the first stage 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A1 A2 
 Quantity (lb/hr) 13865.12 13865.12 
 Temperature (F) 77 276.48 
 Pressure (psia) 14.17 46.75 
     
     
Design Data: 
 Type Reciprocating Compressor 
 Material Carbon Steel 
 Net Work (hp) 313.43 
 Efficiency 0.85 
     
     
Cost Data:     
     
 CP $ 328,000  
 CBM $ 705,000  
     
 
  
 Compressed Air Energy Storage  
102 
     
Compressor 2 
     
     
Identification:     
 Item Compressor Date 4/15/14 
 Item No. C-102 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Compress the air as the second stage 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A3 A4 
 Quantity (lb/hr) 13865.12 13865.12 
 Temperature (F) 100 299.48 
 Pressure (psia) 46.75 148.65 
     
     
Design Data: 
 Type Reciprocating Compressor 
 Material Carbon Steel 
 Net Work (hp) 325.66 
 Efficiency 0.85 
     
     
Cost Data:     
     
 CP $ 339,000  
 CBM $ 729,000  
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Compressor 3 
     
     
Identification:     
 Item Compressor Date 4/15/14 
 Item No. C-103 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Compress the air as the third stage 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A5 A6 
 Quantity (lb/hr) 13865.12 13865.12 
 Temperature (F) 100 299.48 
 Pressure (psia) 148.65 472.71 
     
     
Design Data: 
 Type Reciprocating Compressor 
 Material Carbon Steel 
 Net Work (hp) 325.66 
 Efficiency 0.85 
     
     
Cost Data:     
     
 CP $ 339,000  
 CBM $ 729,000  
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Compressor 4 
     
     
Identification:     
 Item Compressor Date 4/15/14 
 Item No. C-104 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Compress the air as the fourth stage 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A7 A8 
 Quantity (lb/hr) 13865.12 13865.12 
 Temperature (F) 100 299.48 
 Pressure (psia) 472.71 1500 
     
     
Design Data: 
 Type Reciprocating Compressor 
 Material Carbon Steel 
 Net Work (hp) 325.66 
 Efficiency 0.85 
     
     
Cost Data:     
     
 CP $ 339,000  
 CBM $ 729,000  
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Turbine  
     
     
Identification:     
 Item Turbine Date 4/15/14 
 Item No. T-101 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Expand air to generate electricity 
     
     
Operation: 4 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A11 A12 
 Quantity (lb/hr)   
 Range  32,609.81 – 35,821.14 32,609.81 – 35,821.14 
 Average 34,662.8 34,662.8 
 Temperature (F)   
 Range  233 – 280 -241.19 – 234.8 
 Average 248.1 -240.58 
 Pressure (psia)   
     
     
Design Data: 
 Type Electric Turbine 
 Material Carbon Steel 
 Net Work (hp) 1,340.9 
 Efficiency 0.82 
     
     
Cost Data:     
     
 CP $ 1,211,000  
 CBM $ 2,604,000  
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Intercooler 1 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-101 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Cool air after it passes the first compressor 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID A2 A3 W2 W6 
 Quantity (lb/hr) 13865.12 13865.12 2736 2736 
 Temperature (F) 276.48 100 77 273 
 Pressure (psia) 46.75 46.75 150 150 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 568,293 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 367.4 
     
     
Cost Data:     
     
 CP $ 24,000  
 CBM $ 76,000  
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Intercooler 2 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-102 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Cool air after it passes the second compressor 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID A4 A5 W3 W7 
 Quantity (lb/hr) 13865.12 13865.12 2736 2736 
 Temperature (F) 299.48 100 77 296 
 Pressure (psia) 148.65 148.65 150 150 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 642,768 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 415.6 
     
     
Cost Data:     
     
 CP $ 24,000  
 CBM $ 76,000  
     
 
  
 Compressed Air Energy Storage  
108 
     
Intercooler 3 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-103 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Cool air after it passes the third compressor 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID A6 A7 W4 W8 
 Quantity (lb/hr) 13865.12 13865.12 2736 2736 
 Temperature (F) 299.48 100 77 296 
 Pressure (psia) 472.7 472.7 150 150 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 642,768 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 415.6 
     
     
Cost Data:     
     
 CP $ 24,000  
 CBM $ 76,000  
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Intercooler 4 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-104 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Cool air after it passes the fourth compressor 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID A8 A9 W5 W9 
 Quantity (lb/hr) 13865.12 13865.12 2736 2736 
 Temperature (F) 299.48 100 77 296 
 Pressure (psia) 1500 1500 150 150 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 642,768 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 415.6 
     
     
Cost Data:     
     
 CP $ 24,000  
 CBM $ 76,000  
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Interheater 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-105 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Heats air before entering turbine 
     
     
Operation: 4 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID W12 W13 A10 A11 
 Quantity (lb/hr)     
 Range - - 32,609.81 – 
35,821.14 
32,609.81 – 
35,821.14 
 Average 54,000 54,000 34,662.8 34,662.8 
 Temperature (F)     
 Range - - 53 – 77 233-280 
 Average 290.25 236.5 65.22 248.1 
 Pressure (psia) 150 150 1,500 1,500 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 3,348,416 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 495 
     
     
Cost Data:     
     
 CP $ 25,000  
 CBM $ 79,000  
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Air Pressure Vessel 
     
     
Identification:     
 Item Pressure Vessel Date 4/15/14 
 Item No. V-101 By JC/AS/LT/JZ 
 No. Required 52   
     
     
Function: Store the expanded air 
     
     
Operation: Continuous 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A9 A10 
 Quantity (lb/hr)   
 Range - 32,609.81 – 35,821.14 
 Average 13,865.12 34,662.8 
 Temperature (F) 100 77 
 Pressure (psia) 1500 1500 
     
     
Design Data: 
 Type Cylindrical Tank 
 Tank Material Carbon Steel 
 Total Tank Volume (gal) 1,194,405.02 
     
     
Cost Data:     
     
 CP $ 24,742,000  
 CBM $ 75,463,000  
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Hot Water Tank 
     
     
Identification:     
 Item Pressure Vessel Date 4/15/14 
 Item No. V-102 By JC/AS/LT/JZ 
 No. Required 3   
     
     
Function: Store the heated water 
     
     
Operation: Continuous 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID W10 W11 
 Quantity (lb/hr) 10944 54000 
 Temperature (F) 296 290.25 
 Pressure (psia) 150 150 
     
     
Design Data: 
 Type Insulated Cylindrical Tank 
 Tank Material Carbon Steel 
 Total Tank Volume (gal) 26,251 
     
     
Cost Data:     
     
 CP $ 97,000  
 CBM $ 296,000  
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Cool Water Tank 
     
     
Identification:     
 Item Storage Vessel Date 4/15/14 
 Item No. V-103 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Store the used water 
     
     
Operation: Continuous 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID W13 W14 
 Quantity (lb/hr) 54000 10944 
 Temperature (F) 236.5 77 
 Pressure (psia) 150 14.7 
     
     
Design Data: 
 Type Insulated Cylindrical Tank 
 Tank Material Carbon Steel 
 Tank Volume (gal) 25,900 
     
     
Cost Data:     
     
 CP $ 96,000  
 CBM $ 293,000  
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Hot Water Pump  
     
     
Identification:     
 Item Water Pump Date 4/15/14 
 Item No. P-101 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Pump water to interheater 
     
     
Operation: 4 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID W11 W12 
 Quantity (lb/hr) 54000 54000 
 Temperature (F) 290.25 290.25 
 Pressure (psia) 150 150 
     
     
Design Data: 
 Type Water Pump 
 Tank Material Cast Iron 
 Net Work (hp) 2.2 
 Efficiency 0.82 
     
     
Cost Data:     
     
 CP $ 7,000  
 CBM $ 23,000  
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Cool Water Pump  
     
     
Identification:     
 Item Water Pump Date 4/15/14 
 Item No. P-102 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Pressurize the system water, deliver to intercoolers 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID W14 W1 
 Quantity (lb/hr) 10944 10944 
 Temperature (F) 77 77 
 Pressure (psia) 14.7 150 
     
     
Design Data: 
 Type Water Pump 
 Tank Material Cast Iron 
 Net Work (hp) 2.51 
 Efficiency 0.82 
     
     
Cost Data:     
     
 CP $ 7,000  
 CBM $ 23,000  
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5.5. Equipment Cost Summary 
 
The equipment purchase and bare module costs for the single stage turbine case are shown in 
Table 5.5 The single stage turbine case lacks the interheater heat exchangers found on the 
previous two cases, which accounts for some reduction in total equipment bare module cost. 
However, in order for the single stage turbine case to achieve 1 MW of energy output, as the 
other cases have, the amount of air that is compressed during the compression stages increases 
dramatically. This is evidenced in equipment cost list through the higher cost of compressor 
stages as well as a much higher cost for the air pressure vessels. As a result, the total bare 
module cost for the single stage turbine case is over $20MM greater than that for the base case. 
 
Unit No. Unit Name  Purchase Cost  Bare Module Factor  Bare Module Cost  
C-101 Compressor 1 $          328,000 2.15 $             705,000 
C-102 Compressor 2 $          339,000 2.15 $             729,000 
C-103 Compressor 3 $          339,000 2.15 $             729,000 
C-104 Compressor 4 $          339,000 2.15 $             729,000 
T-101 Turbine $       1,211,000 2.15 $          2,604,000 
HTX-101 Intercooler 1 $            24,000 3.17 $               76,000 
HTX-102 Intercooler 2 $            24,000 3.17 $               76,000 
HTX-103 Intercooler 3 $            24,000 3.17 $               76,000 
HTX-104 Intercooler 4 $            24,000 3.17 $               76,000 
HTX-105 Interheater $            25,000 3.17 $               79,000 
V-101 Air Pressure Vessel $     24,742,000 3.05 $        75,463,000 
V-102 Hot Water Tank $            97,000 3.05 $             296,000 
V-103 Cool Water Tank $            96,000 3.05 $             293,000 
P-101 Hot Water Pump $              7,000 3.30 $               23,000 
P-102 Cool Water Pump $              7,000 3.30 $               23,000 
    $     27,626,000   $       81,977,000 
 
Table 5.5: Summary of purchase costs and bare module costs of all units for the single 
stage turbine case 
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5.6. Capital Investment Summary 
 
The increases in total equipment bare module costs are represented in the increase in total capital 
investment, as shown in Table 5.6. The $20MM increase in CTBM reflects a $30MM increase in 
the total capital investment for the single stage turbine case. 
 
Bare Module Costs       
CBM Equipment Bare Module Costs     $   5,925,000  
Cstore Storage Vessel Bare Module Costs   $ 76,052,000  
      CTBM $ 81,977,000  
      
Direct Permanent Investment       
CTBM Total Bare Module Cost   $ 81,977,000  
Csite Site Preparation     $   4,099,000  
Cserv Service Facilities   $   4,099,000  
Calloc Allocated Costs for Utility Plants      $         -                   
    CDPI $ 90,175,000  
         
Total Depreciable Capital     
CDPI Direct Permanent Investment     $  90,175,000  
Ccont Contingencies and Contractors Fees   $  16,232,000  
      CTDC $106,407,000  
      
Total Permanent Investment       
CTDC Total Depreciable Capital   $106,407,000  
Cland Land     $   2,128,000  
Croyalty Royalty   $         - 
Cstartup Plant Startup     $ 10,641,000  
   (unadjusted) CTPI $119,176,000  
      Fsite 0.95 
    CTPI $113,217,000  
         
Total Capital Investment     
CTPI Total Permanent Investment     $113,217,000  
CWC Working Capital   $       660,000  
      CTCI $113,877,000  
 
Table 5.6: Capital investment requirements for the single stage turbine case 
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5.7. Utility Requirements 
 
Table 5.7 shows the utility requirements for the equipment in the single stage turbine case. Due 
to the significant increase in the amount of air that must be compressed, the power ratings of the 
compressor stages increase by roughly 34%. This in turn leads to an annual cost of electricity 
that is nearly $100,000 greater than the heat loss case and almost $150,000 greater than the base 
case. The electricity used by the pumps remain a small portion of the overall annual electricity 
cost. 
 
Equipment Unit 
No. 
Power 
(kW) 
Annual Consumption 
(kW-h) 
Price 
($/kW-h) 
Annual 
Cost 
Compressor 1 C-101 226  1,493,141  $        0.06 $    89,588  
Compressor 2 C-102 235  1,551,406  $        0.06 $    93,084  
Compressor 3 C-103 235  1,551,406  $        0.06 $    93,084  
Compressor 4 C-104 235  1,551,406  $        0.06 $    93,084  
Hot Water Pump P-101 1.64  2,166  $        0.06 $         130  
Cool Water Pump P-102 1.87  12,353  $        0.06 $         741  
Total Annual Electricity Cost   $  369,713 
 
Table 5.7: Utility requirements for the single stage turbine case   
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5.8. Operating Cost Summary 
 
Variable costs for the single stage turbine case are shown in Table 5.8. General expenses remain 
identical to those from the base case and the heat loss case due to identical annual sales. 
However, the increase in utility requirements for the single stage turbine case are carried over 
and represented here through an increase in the total variable costs. 
 
  Annual Cost 
General Expenses     
  Selling / Transfer Expenses: $            7,920  
  Administrative Expense: $            5,280  
  Management Incentive Compensation: $            3,300  
Total General Expenses   $          16,500  
      
Utilities       
  Electricity  $       370,000  
        
Total Variable Costs   $       403,000      
 
Table 5.8: Variable operating costs for the single stage turbine case 
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The fixed operating costs for the single stage turbine case, shown in Table 5.9, are higher than 
those from the previous cases. This is a result of the increase in the total capital investment, 
which translate into higher fixed operating costs due to the increase in total depreciable capital. 
 
   Annual Cost 
Operations     
  Direct Wages and Benefits $         364,000  
  Direct Salaries and Benefits $           55,000  
  Operating Supplies and Services $           22,000  
Total Operations   $         440,000  
     
Maintenance    
  Wages and Benefits   $      4,788,000 
  Salaries and Benefits $      1,197,000  
  Materials and Services $     4,788,000  
  Maintenance Overhead $        239,000  
Total Maintenance  $   11,013,000  
      
Operating Overhead   
  General Plant Overhead: $         455,000  
  Mechanical Department Services: $         154,000  
  Employee Relations Department: $         378,000  
  Business Services:  $         474,000 
Total Operating Overhead   $      1,460,000  
     
Property Taxes and Insurance    
  Property Taxes and Insurance: $     2,128,000  
      
Total Fixed Costs   $   15,041,000  
 
Table 5.9: Fixed operating costs for the single stage turbine case 
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5.9. Overall Economic Analysis 
 
Table 5.10 shows the return on investment for the single stage turbine case, with profitability 
measures shown for the third production year. Prices of off-peak and peak electricity are once 
again $0.06/kW-h and $0.20/kW-h, respectively. As with the previous two cases, the ROI is still 
negative and very similar in value to the previous cases, though it is slightly less negative in the 
single stage turbine case. This indicates that even a significant change to the turbine structure has 
little to no impact on the financial return of the system as a whole. This is a result of the high 
annual costs in relation to the annual sales as well as the total capital investment that remains an 
order of magnitude greater than the negative net earnings. 
 
  
Annual Sales $            206,000  
Annual Costs $    (15,746,000) 
Depreciation $      (9,057,000) 
Income Tax $        9,101,000  
Net Earnings $   (15,496,000) 
Total Capital Investment $    114,349,000  
ROI  -13.68% 
 
Table 5.10: Return on investment for the single stage turbine case 
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The results of the sensitivity analysis are shown below in Table 5.11. Interestingly, although the 
ROI for the single stage turbine case is less negative than the base case and heat loss case at the 
selected price point of $0.20/kW-h, the ROI values are more significantly more negative at other 
values as the price of peak electricity increases. The single stage turbine case requires a peak 
electricity price of $25.87/kW-h in order to achieve a ROI of 0.0%. 
 
Price of Peak 
Electricity ($/kW-h) 
ROI 
$0.01 -13.78% 
$0.10 -13.73% 
$1.00 -13.24% 
$5.00 -11.07% 
$10.00 -8.38% 
$15.00 -5.72% 
$20.00 -3.07% 
$25.00 -0.45% 
$30.00 2.14% 
  
Breakeven Price $25.87/kW-h 
 
Table 5.11: Sensitivity analysis on peak prices for the single stage turbine case 
  
University of Pennsylvania 
123 
5.10. System Efficiency 
 
The efficiency of this process was calculated to be 21.39%. This number was arrived at by 
dividing the sum of the energy outputs by the sum of the energy inputs. The energy outputs for 
this case includes the MW-h produced from the turbine. The energy inputs include the energy 
required to power the multi-stage compressor and the energy needed to power the two pumps.  
The energy required for and gained from each unit mentioned can be found in Table 5.12 below. 
 
Electricity Sinks 
Unit Electricity (kW-h/day) 
C-101 4,525 
C-102 4,701 
C-103 4,701 
C-104 4,701 
P-101 32.8 
P-102 37.4 
   
Electricity Sources 
T-101 4,000 
  
System Efficiency 21.39% 
 
Table 5.12: Electricity sink and source locations for the single stage turbine case 
 
As in the previous models, it was assumed that the compressor and turbine has efficiencies of 
85% and 82% respectively.  This system had the lowest efficiency because the temperatures 
leaving the turbine are below ambient, which means excess energy is being used. Additionally, 
this process requires more air than the previous models. As noted earlier, most of the energy 
required to power the compressor comes from the mass flow rate of air flowing through the 
compressor. Because the mass required in this process is higher, so is the mass flow rate required 
to flow through the compressor, thus increased the energy expended on compression.   
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6. Variation 3: Preheating with a Natural Gas 
Turbine 
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6.1. Process Flow Diagram and Material Balances 
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Stream Number A1 A2 A3 A4 A5 A6 A7 
Temperature (ºF) 77.0 276.5 100.0 299.5 100.0 299.5 100.0 
Pressure (psia) 14.7 46.7 46.7 148.7 148.7 472.7 472.7 
Vapor Fraction 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Mass Flow (lb/hr) 2447 2447 2447 2447 2447 2447 2447 
Molar Flow (lbmol/hr) 84.5 84.5 84.5 84.5 84.5 84.5 84.5 
Component Molar Flow 
(lbmol/hr) 
       
        Air 84.5 84.5 84.5 84.5 84.5 84.5 84.5 
        Water 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
        Natural Gas 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
        Nitrogen 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
        Oxygen 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
        Carbon Dioxide 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 
Stream Number A8 A9 A10 A11 A12 W1 W2 
Temperature (ºF) 299.5 100.0 77.0 900.0 77.0 77.0 77.0 
Pressure (psia) 1503.2 1503.2 1503.2 1503.2 14.7 14.7 175.0 
Vapor Fraction 1.0 1.0 1.0 1.0 1.0 0.0 0.0 
Mass Flow (lb/hr) 2447 2447 12236 12236 12236 1996 1996 
Molar Flow (lbmol/hr) 84.5 84.5 422.5 422.5 422.5 110.8 110.8 
Component Molar Flow 
(lbmol/hr) 
       
        Air 84.5 84.5 422.5 422.5 422.5 0.0 0.0 
        Water 0.0 0.0 0.0 0.0 0.0 110.8 110.8 
        Natural Gas 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
        Nitrogen 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
        Oxygen 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
        Carbon Dioxide 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 
Stream Number W3 W4 W5 W6 W7 W8 W9 
Temperature (ºF) 77.0 77.0 77.0 77.0 273.0 296.0 296.0 
Pressure (psia) 150.0 150.0 150.0 150.0 150.0 150.0 150.0 
Vapor Fraction 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Mass Flow (lb/hr) 499 499 499 499 499 499 499 
Molar Flow (lbmol/hr) 27.7 27.7 27.7 27.7 27.7 27.7 27.7 
Component Molar Flow 
(lbmol/hr) 
       
        Air 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
        Water 27.7 27.7 27.7 27.7 27.7 27.7 27.7 
        Natural Gas 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
        Nitrogen 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
        Oxygen 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
        Carbon Dioxide 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 
Table 6.1: Material balance stream summary for the gas turbine case 
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Stream Number W10 G1 G2 G3    
Temperature (ºF) 296.0 77 1013.0 954.2    
Pressure (psia) 150.0 14.7 14.7 14.7    
Vapor Fraction 0.0 1.0 1.0 1.0    
Mass Flow (lb/hr) 499 154800 154800 154800    
Molar Flow (lbmol/hr) 27.7 5069.9 5332.3 5332.3    
Component Molar Flow 
(lbmol/hr) 
       
        Air 0.0 4915.8 0.0 0.0    
        Water 27.7 0.0 266.6 266.6    
        Natural Gas 0.0 154.1 0.0 0.0    
        Nitrogen 0.0 0.0 3839.2 3839.2    
        Oxygen 0.0 0.0 959.8 959.8    
        Carbon Dioxide 0.0 0.0 266.6 266.6    
 
Table 6.1: Material balance stream summary for the gas turbine case (continued) 
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6.2. Process Description 
 
In this section a process containing a single-stage turbine will be discussed with a preheater that 
uses natural gas as opposed to pressurized water. This case compresses air for twenty hours using 
a four-stage compressor and expands air over 4 hours using a single-stage turbine. The goal of 
this system is to produce 1 MW over 4 hours at a steady rate. In this case we will examine 
heating the air stream entering the turbine (stream A11) through burning natural gas.  
  
From the first three variations explored, it became evident that in order to maximize the energy 
efficiency and to minimize the amount of air required, it was favorable to ensure that the air 
leaving the turbine is at ambient temperature. In order to heat the air to a temperature high 
enough so that this occurs, we decided to explore another method of heating other than water. 
We therefore modeled this process with burned natural gas to preheat the air leaving the storage 
vessel and entering the turbine. Enough heat is generated from the burning of natural gas to 
preheat the air to a temperature high enough so that a single-stage turbine can be used to reach 
outlet temperatures of 77°F. The process of burning natural gas is one frequently found in 
industry use, most notably by Dresser Rand in their CAES systems, such as the Smart CAES 
models. 
 
The air feed (stream A1) enters the multistage compressor (C-101, C-102, C-103, C-104) at 
atmospheric pressure (14.7 psia). The compressor compresses the air to 1500 psia where it is 
then stored in a storage vessel (V-101). The flow rate of the air (stream A1) entering the 
compressor is 2,526.37 lb/hr. The compressor consists of 4 stages, with intercoolers in between 
each stage. The intercoolers are heat exchangers that take in pressurized water at a pressure of  
150 psia at atmospheric temperature. The pressurized water enters the heat exchangers through 
streams W3, W4, W5 and W6. Pressurized water is used as opposed to water at atmospheric 
pressure because pressurized water can be heated to higher temperatures than atmospheric water. 
Each stream of pressurized water has a flow rate of 498.6 lb/hr. The intercoolers cool each outlet 
air stream (streams A2, A4, A6, A8) to 100°F.  
  
The compressed air leaving the fourth heat exchanger (HTX-104) after the fourth stage of 
compression (stream A9) is stored in a pressurized vessel. This storage unit can either be a single 
storage unit with a volume of 238,881 gallons or 11 storage units, each with a volume of 22,800 
gallons. We have decided that we will use 11 cylindrical storage vessels, each with a radius of 9 
feet and a length of 42 feet. 
  
In order to generate heat from natural gas, 6,264 m
3
 of natural gas are needed per day. The gas is 
burned in a furnace and then fed through a gas turbine. This generates energy at a rate of 5.05 
MW in addition to the 1 MW from the air turbine.  
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The stored air is released through the turbine at the end of the compression process. The turbine 
is a single-stage turbine. The air from the tank (stream A10) is heated to 900°F using the energy 
generated through burning natural gas. The heated air (stream A11) then enters the turbine and 
leaves at ambient pressure (stream A12) and 77.2-92.1°F.  
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6.4. Equipment List and Unit Descriptions 
 
Table 6.2 below details the equipment list required for the gas turbine. The unit descriptions of 
the equipment can be found on the proceeding pages. 
 
Unit No. Unit Type Function Size Material 
Oper. 
T (°F) 
Oper. P 
(psia) 
C-101 Compressor 1 
Increase pressure of air 
stream 
Pc = 57.11 hp 
Carbon 
Steel 
276.48 46.75 
C-102 Compressor 2 
Increase pressure of air 
stream 
Pc = 59.34 hp 
Carbon 
Steel 
299.48 148.65 
C-103 Compressor 3 
Increase pressure of air 
stream 
Pc = 59.34 hp 
Carbon 
Steel 
299.48 472.71 
C-104 Compressor 4 
Increase pressure of air 
stream 
Pc = 59.34 hp 
Carbon 
Steel 
299.48 1500 
T-101 Air Turbine 
Recover energy from 
compression 
Pc = 1,340.9 hp 
Carbon 
Steel 
77.18   
T-102 Gas Turbine 
Recover energy from 
compression and waste heat 
Pc = 6,772.16 hp 
Carbon 
Steel 
1,013   
HX-101 Intercooler 1 
Cool air between 
compression stages 
A = 67 ft2 
Q = 103,658 Btu/hr 
Carbon 
Steel 
 100  46.75 
HX-102 Intercooler 2 
Cool air between 
compression stages 
A = 75.8 ft2 
Q = 117,243 Btu/hr 
Carbon 
Steel 
 100  148.65 
HX-103 Intercooler 3 
Cool air between 
compression stages 
A = 75.8 ft2 
Q = 117,243 Btu/hr 
Carbon 
Steel 
 100  472.7 
HX-104 Intercooler 4 
Cool air after last 
compression stage 
A = 75.8 ft2 
Q = 117,243 Btu/hr 
Carbon 
Steel 
 100  1,500 
HX-105 Interheater 
Heat air before expansion 
stage 
A = 44.55 ft2 
Q = 2,486,972 Btu/hr 
Carbon 
Steel 
 859.02  1,500 
V-101 
Air Pressure 
Vessel 
Store compressed air during 
off-peak hours 
V = 238,881 gal 
Carbon 
Steel 
77 1500 
P-101 
Cool Water 
Tank 
Pump pressurized water to 
intercoolers 
Pc = 0.457 hp Cast Iron 77 150 
Table 6.2: Detailed equipment list for the gas turbine case 
 
Four Stage Compressor 
  
A multi-stage reciprocating compressor with four stages was used to compress the air. A 
pressure ratio of 3.18 was used to compress the air from 14.7 psia to 1,500 psia. This pressure 
ratio was chosen because it produces the final desired pressure without the air streams (streams 
A2, A4, A6, A8) becoming too hot. The flow rate of air into each stage is 2,526.37 lb/hr. 
Specifications for each stage are below. 
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Compressor Stage 1 (C-101): 
  
The first stage of the compressor compresses the air from 14.7 psia to 46.75 psia. The inlet 
temperature to the compressor is 77°F and the outlet is 276.48°F. The net work of the 
compressor is 57.11 hp. The bare module cost for this unit is $181,000. 
  
Compressor Stage 2 (C-102): 
  
The second stage of the compressor compresses the air from 46.75 psia to 148.65 psia. The inlet 
temperature to this stage is 100°F and the outlet temperature is 299.48°F. The net work of the 
compressor is 59.34 hp. The bare module cost for this unit is $187,000. 
  
Compressor Stage 3 (C-103): 
  
The third stage of the compressor compresses the air from 148.65 psia to 472.71 psia. The inlet 
temperature to this stage is 100°F and the outlet temperature is 299.48°F. The net work of the 
compressor is 59.34 hp. The bare module cost for this unit is $187,000. 
  
Compressor Stage 4 (C-104): 
  
The second stage of the compressor compresses the air from 472.71 psia to 1500 psia. The inlet 
temperature to this stage is 100°F and the outlet temperature is 299.48°F. The net work of the 
compressor is 59.34 hp. The bare module cost for this unit is $. 
  
Intercoolers 
  
There are four intercoolers in our process, one after each compression stage. The intercoolers are 
heat exchangers that take in water at a temperature of 77°F and a pressure of 150 psia. 
Specifications for each unit are below. 
  
Intercooler 1 (HTX-101): 
  
This intercooler cools the air leaving the first compression stage (stream A2) with water. The 
flow rate of the water entering the intercooler (stream W3) is 498.6 lb/hour. The area of the heat 
exchanger is 67.1 square feet. The intercooler cools the air from 278.56°F (stream A2) to 100°F 
(stream A3). The water leaves the intercooler at 273°F (stream W7). The bare module cost for 
this unit is $70,000. 
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Intercooler 2 (HTX-102): 
  
This intercooler cools the air leaving the second compression stage (stream A4) with water. The 
flow rate of the water entering the intercooler (streamW4) is 498.6 lb/hour. The area of the heat 
exchanger is 75.7 square feet. The intercooler cools the air from 299.48 °F (stream A4) to 100°F 
(stream A5). The water leaves the intercooler at 296°F (stream W8). The bare module cost for 
this unit is $70,000. 
  
Intercooler 3 (HTX-103): 
  
This intercooler cools the air leaving the third compression stage (stream A6) with water. The 
flow rate of the water entering the intercooler (stream W5) is 498.6 lb/hour. The area of the heat 
exchanger is 75.7 square feet. The intercooler cools the air from 298.48 F (stream A6) to 100°F 
(stream A7). The water leaves the intercooler at 296°F. The bare module cost for this unit is 
$70,000. 
  
Intercooler 4 (HTX-104): 
  
This intercooler cools the air leaving the fourth compression stage (stream A8) with water. The 
flow rate of the water entering the intercooler (stream W6) is 498.6 lb/hour. The area of the heat 
exchanger is 75.7 square feet. The intercooler cools the air from 299.48 F (stream A8) to 100°F 
(stream A9). The water leaves the intercooler at 296°F. The bare module cost for this unit is 
$70,000. 
  
Additional Equipment 
 
Single-Stage Air Turbine (T-101): 
  
A single-stage turbine was used to expand the air. The air is expanded from 1500 psia to 14.7 
psia. The air enters the turbine (stream A11) at a range between 833.87-900°F and leaves the 
turbine at 77.24-92.1°F at ambient pressure. As mentioned earlier, the flow rate flowing into 
each turbine varies with time. The bare module cost for this unit is $699,000. 
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Hour Flow Rate (lb/hr) 
0.5 11,620 
1.0 12,228 
1.5 12,395 
2.0 12,571 
2.5 12,756 
3.0 12,951 
3.5 13,158 
4.0 13,377 
 
Table 6.3: Varying flow rates of air through the turbine for the gas turbine case 
  
Gas Turbine (T-102): 
 
This turbine produces energy to heat the air entering the turbine (A11). It produces 5.05 MW of 
additional energy. The pressure ratio is 14, and the accompanying furnace requires 6,264 m
3
 of 
natural gas per day. The bare module cost for this unit is $4,752,000. 
 
Interheater (HTX-105): 
 
There is one heat exchanger in our process which acts as an interheater. The interheater is a heat 
exchanger that takes in exhaust from the burning of natural gas at a flow rate of 154,800 lb/hr. 
This heater heats the air leaving the air storage tank (stream A10). The area of the heat exchanger 
is 44.55 square feet. The heater heats the air from 77°F (stream A10) to 833.87-900°F (stream 
A11). The bare module cost for this unit is $76,000. 
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6.5. Specification Sheets 
 
The specification sheets for the gas turbine case are on the following pages. Their locations can 
be found in Table 6.4. 
 
Page Unit No. Unit Name 
 135 C-101 Compressor 1 
 136 C-102 Compressor 2 
 137 C-103 Compressor 3 
 138 C-104 Compressor 4 
 139 T-101 Air Turbine 
 140 T-102 Gas Turbine 
 141 HTX-101 Intercooler 1 
 142 HTX-102 Intercooler 2 
 143 HTX-103 Intercooler 3 
 144 HTX-104 Intercooler 4 
 145 HTX-105 Interheater 
 146 V-101 Air Pressure Vessel 
 147 P-101 Cool Water Pump 
 
Table 6.4: Specification sheet index for equipment used in the gas turbine case 
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Compressor 1 
     
     
Identification:     
 Item Compressor Date 4/15/14 
 Item No. C-101 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Compress the air as the first stage 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A1 A2 
 Quantity (lb/hr) 2526.37 2526.37 
 Temperature (F) 77 276.48 
 Pressure (psia) 14.17 46.75 
     
     
Design Data: 
 Type Reciprocating Compressor 
 Material Carbon Steel 
 Net Work (hp) 57.11 
 Efficiency 0.85 
     
     
Cost Data:     
     
 CP $ 84,000  
 CBM $ 181,000  
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Compressor 2 
     
     
Identification:     
 Item Compressor Date 4/15/14 
 Item No. C-102 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Compress the air as the second stage 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A3 A4 
 Quantity (lb/hr) 2526.37 2526.37 
 Temperature (F) 100 299.48 
 Pressure (psia) 46.75 148.65 
     
     
Design Data: 
 Type Reciprocating Compressor 
 Material Carbon Steel 
 Net Work (hp) 59.34 
 Efficiency 0.85 
     
     
Cost Data:     
     
 CP $ 87,000  
 CBM $ 187,000  
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Compressor 3 
     
     
Identification:     
 Item Compressor Date 4/15/14 
 Item No. C-103 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Compress the air as the third stage 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A5 A6 
 Quantity (lb/hr) 2526.37 2526.37 
 Temperature (F) 100 299.48 
 Pressure (psia) 148.65 472.71 
     
     
Design Data: 
 Type Reciprocating Compressor 
 Material Carbon Steel 
 Net Work (hp) 59.34 
 Efficiency 0.85 
     
     
Cost Data:     
     
 CP $ 87,000  
 CBM $ 187,000  
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Compressor 4 
     
     
Identification:     
 Item Compressor Date 4/15/14 
 Item No. C-104 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Compress the air as the fourth stage 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A7 A8 
 Quantity (lb/hr) 2,526.37 2,526.37 
 Temperature (F) 100 2994.48 
 Pressure (psia) 472.71 1500 
     
     
Design Data: 
 Type Reciprocating Compressor 
 Material Carbon Steel 
 Net Work (hp) 59.34 
 Efficiency 0.85 
     
     
Cost Data:     
     
 CP $ 87,000  
 CBM $ 187,000  
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Air Turbine  
     
     
Identification:     
 Item Turbine Date 4/15/14 
 Item No. T-101 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Expand air to generate electricity 
     
     
Operation: 4 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A11 A12 
 Quantity (lb/hr)   
 Range  11620.03-13376.8 11620.03-13376.8 
 Average 12631.83 12631.83 
 Temperature (F)   
 Range  833.87-900 77.24-92.1 
 Average 859.02 84.67 
 Pressure (psia)   
     
     
Design Data: 
 Type Electric Turbine 
 Material Carbon Steel 
 Net Work (hp) 1340.9 
 Efficiency 0.82 
     
     
Cost Data:     
     
 CP $ 325,000  
 CBM $ 699,000  
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Gas Turbine  
     
     
Identification:     
 Item Turbine Date 4/15/14 
 Item No. T-102 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Burn natural gas to produce energy and hot exhaust 
     
     
Operation: 4 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID G1 G2 
 Quantity (lb/hr) 154800 154800 
 Temperature (F) 77.8 1013 
     
     
Design Data: 
 Type Gas Turbine 
 Material Carbon Steel 
 Net Work (hp) 6,772 
 Efficiency 0.302 
     
     
Cost Data:     
     
 CP $ 2,210,000  
 CBM $ 4,752,000  
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Intercooler 1 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-101 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Cool air after it passes the first compressor 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID A2 A3 W3 W7 
 Quantity (lb/hr) 2526.37 2526.37 498.6 498.6 
 Temperature (F) 276.48 100 77 273 
 Pressure (psia) 46.75 46.75 150 150 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 103,658 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.76 
 Heat Transfer Area (ft
2
) 67 
     
     
Cost Data:     
     
 CP $ 22,000  
 CBM $ 70,000  
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Intercooler 2 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-102 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Cool air after it passes the second compressor 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID A4 A5 W4 W8 
 Quantity (lb/hr) 2526.37 2526.37 498.6 498.6 
 Temperature (F) 299.48 100 77 296 
 Pressure (psia) 148.65 148.65 150 150 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 117,243 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.72 
 Heat Transfer Area (ft
2
) 75.8 
     
     
Cost Data:     
     
 CP $ 22,000  
 CBM $ 70,000  
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Intercooler 3 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-103 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Cool air after it passes the third compressor 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID A6 A7 W5 W9 
 Quantity (lb/hr) 2526.37 2526.37 498.6 498.6 
 Temperature (F) 299.48 100 77 296 
 Pressure (psia) 472.7 472.7 150 150 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 117,243 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.72 
 Heat Transfer Area (ft
2
) 75.8 
     
     
Cost Data:     
     
 CP $ 22,000  
 CBM $ 70,000  
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Intercooler 4 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-104 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Cool air after it passes the fourth compressor 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID A8 A9 W6 W10 
 Quantity (lb/hr) 2526.37 2526.37 498.6 498.6 
 Temperature (F) 299.48 100 77 296 
 Pressure (psia) 1500 1500 150 150 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 117,243 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.72 
 Heat Transfer Area (ft
2
) 75.8 
     
     
Cost Data:     
     
 CP $ 22,000  
 CBM $ 70,000  
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Interheater 
     
     
Identification:     
 Item Heat Exchanger Date 4/15/14 
 Item No. HX-105 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Heats air using gas turbine exhaust before entering air turbine 
     
     
Operation: 4 hours, daily 
     
     
Materials Handled: 
  Hot Cold 
  Inlet Outlet Inlet Outlet 
 Stream ID G2 G3 A10 A11 
 Quantity (lb/hr)     
 Range - - 11,620.03-
13,376.8 
11,620.03-
13,376.8 
 Average 154,800 154,800 12,631.83 12631.83 
 Temperature (F)     
 Range - - 33.87-77 833.87-900 
 Average 1013 954.2 56.14 859.02 
 Pressure (psia) 150 150 1500 1500 
      
      
Design Data: 
 Type Floating Head 
 Material Carbon Steel 
 Heat Transfer (Btu/hr) 2,486,972 
 Heat Transfer Coefficient (Btu/hr-ft
2
-F) 149.7 
 Heat Transfer Area (ft
2
) 44.55 
     
     
Cost Data:     
     
 CP $ 24,000  
 CBM $ 76,000  
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Air Pressure Vessel 
     
     
Identification:     
 Item Pressure Vessel Date 4/15/14 
 Item No. V-101 By JC/AS/LT/JZ 
 No. Required 11   
     
     
Function: Store the expanded air 
     
     
Operation: Continuous 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID A9 A10 
 Quantity (lb/hr)   
 Range - 11620.03-13376.8 
 Average 2526.37 12631.83 
 Temperature (F) 100 77 
 Pressure (psia) 1500 1500 
     
     
Design Data: 
 Type Cylindrical Tank 
 Tank Material Carbon Steel 
 Total Tank Volume (gal) 238,881 
     
     
Cost Data:     
     
 CP $ 4,948,000  
 CBM $ 15,091,000  
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Cool Water Pump  
     
     
Identification:     
 Item Water Pump Date 4/15/14 
 Item No. P-101 By JC/AS/LT/JZ 
 No. Required 1   
     
     
Function: Pressurize the system water for intercoolers 
     
     
Operation: 20 hours, daily 
     
     
Materials Handled: 
  Inlet Outlet 
 Stream ID W14 W1 
 Quantity (lb/hr) 1994.4 1994.4 
 Temperature (F) 77 77 
 Pressure (psia) 14.7 150 
     
     
Design Data: 
 Type Water Pump 
 Tank Material Cast Iron 
 Net Work (hp) .457 
 Efficiency 0.82 
     
     
Cost Data:     
     
 CP $ 25,000  
 CBM $ 83,000  
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6.6. Equipment Cost Summary 
 
Equipment costs for the gas turbine case, shown in Table 6.5, are significantly lower than the 
equipment costs seen in other cases. This results from a combination of both a reduction in the 
number of interheater heat exchangers as well as significantly reduced purchase and bare module 
costs for the air pressure vessel and the lack of water tanks used to store recycled water. 
 
Unit No. Unit Name  Purchase Cost  Bare Module Factor  Bare Module Cost  
C-101 Compressor 1 $84,000 2.15 $181,000 
C-102 Compressor 2 $87,000 2.15 $187,000 
C-103 Compressor 3 $87,000 2.15 $187,000 
C-104 Compressor 4 $87,000 2.15 $187,000 
T-101 Air Turbine $325,000 2.15 $699,000 
HTX-101 Intercooler 1 $22,000 3.17 $70,000 
HTX-102 Intercooler 2 $22,000 3.17 $70,000 
HTX-103 Intercooler 3 $22,000 3.17 $70,000 
HTX-104 Intercooler 4 $22,000 3.17 $70,000 
HTX-105 Interheater $24,000 3.17 $76,000 
V-101 Air Pressure Vessel $4,948,000 3.05 $15,091,000 
P-102 Cool Water Pump $25,000 3.30 $83,000 
T-102 Gas Turbine $2,210,000 2.15 $4,752,000  
    $5,755,000   $21,723,000 
 
Table 6.5: Summary of purchase costs and bare module costs of all units for the gas turbine 
case 
 
The lower cost of the air pressure vessel is a result of the smaller amount of compressed air 
needed to achieve a 1 MW power output. This itself is a direct result of the higher efficiency of 
the turbine, which can produce greater power outputs when the inlet air is at a significantly 
higher temperature, as is the case here. The exhaust from the gas turbine allows the inlet air to 
achieve much higher temperatures than it could with the pressurized water.  
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6.7. Capital Investment Summary 
 
As a direct result of the lowered total bare module equipment costs, total capital investments for 
the gas turbine case, shown in Table 6.6, are significantly lower than capital investments from 
the previous cases. 
 
Bare Module Costs       
CBM Equipment Bare Module Costs     $    6,632,000  
Cstore Storage Vessel Bare Module Costs   $  15,091,000  
      CTBM $  21,723,000  
      
Direct Permanent Investment      
CTBM Total Bare Module Cost   $ 21,723,000  
Csite Site Preparation     $   1,086,000  
Cserv Service Facilities   $   1,086,000  
    CDPI $ 23,895,000  
         
Total Depreciable Capital    
CDPI Direct Permanent Investment     $ 23,895,000  
Ccont Contingencies and Contractors Fees   $   4,301,000  
      CTDC $ 28,196,000  
      
Total Permanent Investment    
CTDC Total Depreciable Capital   $ 28,196,000  
Cland Land     $      564,000  
Cstartup Plant Startup     $   2,820,000  
   (unadjusted) CTPI $ 31,580,000  
      Fsite 0.95 
    CTPI $ 30,001,000  
         
Total Capital Investment    
CTPI Total Permanent Investment     $ 30,001,000  
CWC Working Capital   $      201,000  
      CTCI $ 30,202,000  
Table 6.6: Capital investment requirements for the gas turbine case 
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6.3. Utility Requirements 
 
Table 6.7 below shows the various components of the utility requirements for the gas turbine 
case. The utilities included have expanded beyond just electricity to include cooling water and 
natural gas, providing a total of three utility requirements. This is due to the fact that cooling 
water is no longer being recycled through the system. However, due to the relatively cheap 
utility of cooling water ($0.075/1000 gal), the additional variable cost is nearly negligible on the 
total cost, similar to the water pump. In the gas turbine case, the natural gas becomes the greatest 
contributor to annual utility costs, comprising 82% of the total cost. However, due to the 
significant decrease in the amount of air required, and therefore a significant decrease in the 
compressor power requirements, the annual cost of electricity decreases to its lowest value 
among all the cases. As a result, the overall total utility cost is lower than the base case, heat loss 
case, and single stage turbine case. This already serves as an early indicator that the gas turbine 
case may be one of the better options among the cases considered. 
 
Equipment 
Unit 
No. 
Power 
(kW) 
Annual Consumption 
(kW-h) 
Price 
($/kW-h) 
Annual 
Cost 
Compressor 1 C-101 226  1,493,141  $        0.06 $    16,864  
Compressor 2 C-102 235  1,551,406  $        0.06 $    17,523  
Compressor 3 C-103 235  1,551,406  $        0.06 $    17,523  
Compressor 4 C-104 235  1,551,406  $        0.06 $    17,523  
Cool Water Pump P-102 1.87  12,353  $        0.06 $         135  
Total Annual Electricity Cost $    69,568 
      
Stream 
Stream 
No. 
Volume 
(gal/day) 
Annual Consumption 
(gal) 
Price 
($/1000 gal) 
Annual 
Cost 
Cooling Water W1 4,783 1,578,302 $      0.075 $         118 
Total Annual Cooling Water Cost $         118 
      
Stream 
Stream 
No. 
Volume 
(SCM/day) 
Annual Consumption 
(SCM) 
Price 
($/SCM) 
Annual 
Cost 
Natural Gas G1 6,264 2,067,120 $       0.136 $  289,128 
Total Annual Natural Gas Cost $  289,128 
      
Total Annual Utility Cost   $  350,815 
 
Table 6.7: Utility requirements for the gas turbine case   
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6.8. Operating Cost Summary 
 
Table 6.8 shows the variable operating costs for the gas turbine case. The general expenses are 
once again identical to those from previous cases due to the identical annual sales, and the 
utilities again comprise the largest cost in the variable costs.  
 
  Annual Cost 
General Expenses     
  Selling / Transfer Expenses: $            7,920  
  Administrative Expense: $            5,280  
  Management Incentive Compensation: $            3,300  
Total General Expenses   $          16,500  
    
Byproducts    
 Electricity from Gas Turbine  $  (1,333,200) 
      
Utilities       
  Electricity  $         69,600  
 Cooling Water  $              200 
 Natural Gas  $       289,100 
        
Total Variable Costs   $    (941,300) 
 
Table 6.8: Variable operating costs for the gas turbine case 
 
However, all of the utility costs are well offset by the significant amount of electricity produced 
by the gas turbine, which is treated in Table 31 as a byproduct and sold at the same price as 
electricity produced from the air turbine ($0.20/kW-h). This price estimate is a reasonable 
assumption to make, since the gas turbine will be producing electricity at the same peak hours as 
the air turbine. The addition of the gas turbine electricity makes the annual variable costs 
negative, providing us with additional yearly sales instead. 
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The reduced capital investments play a significant role in the reduced fixed operating costs, 
shown in Table 6.9. Again, this is due to the much lower volume of air that is now required to 
produce 1 MW of energy in the air turbine; the lower volume corresponds to a smaller tank and 
therefore depreciable capital that affects the fixed operating costs. 
 
      Annual Cost 
Operations     
  Direct Wages and Benefits  $            364,000  
  Direct Salaries and Benefits $              55,000  
  Operating Supplies and Services $              22,000  
Total Operations   $            440,000  
     
Maintenance    
  Wages and Benefits   $         1,269,000 
  Salaries and Benefits $            317,000  
  Materials and Services $         1,269,000  
  Maintenance Overhead $              63,000  
Total Maintenance  $         2,918,000  
      
Operating Overhead   
  General Plant Overhead: $            142,000  
  Mechanical Department Services: $              48,000  
  Employee Relations Department: $            118,000  
  Business Services:   $            148,000 
Total Operating Overhead   $            457,000  
     
Property Taxes and Insurance    
  Property Taxes and Insurance: $            564,000  
      $         4,379,000 
Total Fixed Costs   $            364,000  
 
Table 6.9: Fixed operating costs for the gas turbine case 
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6.9. Overall Economic Analysis 
 
The return on investment for the gas turbine case is shown in Table 6.10. Values are shown for 
the third production year and assume $0.20 and $0.06 as the prices of peak and off-peak 
electricity, respectively. While still negative, this ROI value is the least negative of all the cases. 
The significant reduction in annual costs, as well as the reduced total capital investment, makes 
the ROI for the gas turbine case the most attractive of all the cases and potentially worthy of 
further investigation. 
 
  
Annual Sales $         206,000  
Annual Costs $   (3,808,000) 
Depreciation $   (2,400,000) 
Income Tax $      2,221,000  
Net Earnings $   (3,781,000) 
Total Capital Investment $    30,342,000  
ROI  -12.46% 
 
Table 6.10: Return on investment for the gas turbine case 
 
  
 Compressed Air Energy Storage  
154 
Different price points for the price of peak electricity are shown below in Table 6.11 along with 
their corresponding ROI values. Due to the introduction of the gas turbine electricity production, 
the ROI is significantly more sensitive to the price of peak electricity. A breakeven ROI of 0.0% 
can be achieved with a peak electricity price of $1.17/kW-h. Although this is still beyond the 
scope of reality, it is more than ten times lower than any other breakeven price point for the 
previous cases and is indicative of the opportunity that may be associated with the gas turbine 
case. 
 
Price of Peak 
Electricity ($/kW-h) 
ROI 
$0.01 -14.91% 
$0.10 -13.75% 
$0.20 -12.46% 
$0.30 -11.17% 
$0.50 -8.61% 
$0.70 -6.04% 
$1.00 -2.20% 
$1.20 0.36% 
$1.50 4.19% 
$2.00 10.56% 
  
Breakeven Price $1.17/kW-h 
 
Table 6.11: Sensitivity analysis on peak prices for the gas turbine case 
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6.10 System Efficiency 
 
The efficiency of the gas turbine case is 33.7%, calculated from the electricity sinks and sources 
seen in Table 6.12 below. 
 
Electricity Sinks 
Unit Electricity (kWh/day) 
C-101 851.74 
C-102 884.98 
C-103 884.98 
C-104 884.98 
P-101 6.82 
T-102 66,851 
Electricity Sources 
T-101 4,000 
T-102 20,200 
  
System Efficiency 33.7% 
 
Table 6.12: Electricity sink and source locations for the gas turbine case 
 
The furnace in the gas turbine (T-102) contributes as an electricity sink by converting the amount 
of natural gas used into an equivalent amount of electricity, using the conversion factor of 38,420 
kJ per m
3
 of natural gas. On the production side, the gas turbine itself also acts as a new source 
of electricity, one that produces a significant amount of electricity in comparison to the air 
turbine. 
  
 Compressed Air Energy Storage  
156 
7. Additional Considerations 
 
7.1. Plant Startup 
 
The start-up of a new facility requires additional considerations.  The ramp-up time of the CAES 
plant in McIntosh, Alabama is 14 minutes to reach its full load of 110 MW.  Dresser-Rand cites 
10 minutes as the amount of time required to ramp up the new SmartCAES system to the full 135 
MW.  The benefit of a fast start-up is that the need for plants of intermediate loads is reduced.  In 
this case, with a small-scale 1 MW facility, an intermediate load plant is unnecessary.  During 
the ramp-up process, the pressurized water, acting as the thermal fluid, must first be pressurized 
to the desired level before passing through the intercoolers.  In addition, there exists a one-time 
pressurization of the air holding tank to transport 80% of the base gas into place during the first 
cycle.  After the build-up to steady-state, only the 20% cycling gas will be transported in each 
run.  Since the inlet air stream is taken at ambient conditions, no preheating or precooling is 
required before the gas enters the compression train.  In the economic analysis, the start-up cost 
was taken as 10% of the total depreciable capital for each scenario. 
7.2. Environmental Analysis 
 
Studies have shown that the frequent ramping up and down of a power plant in order to meet 
peak energy demands will reduce life expectancy.  Renewable energy integration of utility plants 
with wind or solar generation, while environmentally beneficial, would increase cycling costs as 
generators ramp up to accommodate the surplus influx of energy.  Recent research by the 
National Renewable Energy Laboratory (NREL), however, revealed that these cycling costs are 
offset by the reduction in fossil fuel usage.  In their Western Wind and Solar Integration Study in 
2010, NREL found that if solar or wind energy can be connected to the western electricity grid, 
sulfur dioxide emissions can be reduced by 5%, nitrogen oxides by 2%, and fossil fuel costs by 
$7 billion annually.  This reduction would justify the additional operating costs incurred, an 
increase of between $35 million to $157 million per year.  With increasingly inflexible fossil fuel 
regulations, renewable energy integration will be an attractive option to utility companies in the 
near future.  A major appeal in bulk energy storage such as CAES is their compatibility with 
intermittent energy sources.  With an energy storage system in place, base-load generators would 
be allowed to operate without frequently ramping up and down.  As load swing is minimized, 
cycling costs will decrease accordingly, eliminating the cost offset associated with coal-fired 
plants. 
  
University of Pennsylvania 
157 
8. Conclusion 
 
8.1. Case Summary 
 
Table 8.1 below shows a summary of some key values from each case. 
 
Case 
Total Capital 
Investment 
ROI 
Breakeven 
Price ($/kW-h) 
Efficiency 
Base Case $                82,787,000 -13.72% $             19.00 34.39% 
Heat Loss Case $                83,186,000 -13.75% $             19.06 28.76% 
Single Stage Turbine Case $              113,877,000 -13.68% $             25.87 21.39% 
Gas Turbine Case $                30,202,000 -12.46% $               1.17 33.7% 
Table 8.1: Summary of key values from all cases 
8.2. Recommendations 
 
After a study of a compressed air energy storage base case and three variations of the base case, 
our team has concluded that none of the explored opportunities are profitable. As a result, we 
cannot recommend that any of the stated cases be pursued as real-life scenarios. The limitations 
of the explored cases were primarily determined by the scale of the project charter, which 
required that all cases produce only 1 MW of energy. The CAES systems explored in this project 
have the potential to be profitable at higher scales, but with the 1 MW output limitation, a CAES 
system is not an effective way of storing energy for the purpose of profiting through energy 
arbitrage. 
 
However, our studies did reveal that the gas turbine case, which involved a combination of both 
air and gas turbines, yielded the least negative return on investment. In addition, the gas turbine 
case required the smallest total capital investment and used a significantly smaller amount of air. 
The use of a 5-MW gas turbine in this process highlights the need for the CAES system to 
produce more than 1 MW of energy. The use of a 5 MW turbine in a process to produce only 1 
MW of energy is inefficient, and therefore ideally this method would be used in a CAES system 
that produces more than 5 MW of power. This is especially noteworthy as CAES is becoming a 
popular energy storage method among researchers as a solution to many issues involved with 
intermittent, renewable energy sources. In order to justify burning natural gas in order to power 
the gas turbine to be used in renewable energy storage, many megawatts of power coming from a 
renewable source must be produced by the system.  
 
With the financial and logistical savings associated with the gas turbine case, our team 
recommends that future studies into CAES opportunities continue to explore the possibility of 
maximizing the efficiency of gas turbine/air turbine combinations. 
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Appendix A: Equations for Thermodynamic Modeling 
 
Equations and Calculations: 
 
 
Labeling: 
 
1: Initial conditions in storage vessel at each time interval (half hour) 
 
2: Final conditions in storage vessel at each time interval (half hour) 
 
Hx: Conditions for air stream leaving heat exchanger 
 
Out: Conditions for air leaving turbine/Compressor 
 
 
Values: 
 
T-1, P-1, T-HX: Given from Compression specifications 
 
P-Out: Determined through pressure ratio (for 4-stages equal to 3.18) 
 
P-2: Found through goal seek in order to produce constant energy output of .5 MW-h 
 
Ideal Gas Best-Fit Equations: 
 
s-1 and s-hx is found by applying a best-fit line to ideal gas properties of air: 
 
s-1, s-hx (kJ/kg-K): 
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S-2 (kJ/kg-K):  
           
  
  
  
 
H and U are found by applying a best-fit line to ideal gas properties of air: 
 
H (kJ/kg): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                   
 
 
U (kJ/kg): 
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T-2 (K) is found through an equation for adiabatic discharging from the textbook Chemical 
Process Principles by Olaf Andreas Hougen and Kenneth M. Watson recommended by Professor 
Fabiano: 
      (
  
  
)
   
 
 
where κ is equal to Cp/Cv which is approximately 1.4 for ideal gases in the temperature range of 
our system. 
 
T-Out (K) is found by applying a best-fit line to ideal gas properties of air: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
        
      
 
 
Compressor: 
 
Power (kJ/hr): 
       ̇  
        
 
 
Watts (W): 
W (
  
  
)  
    
    
 
 
Megawatts (MW): 
          
 
Horsepower (hp): 
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Turbine:  
 
To calculate Work produced by turbine (J): 
 
Power (kJ/hr): 
       ̇               
 
  
 Compressed Air Energy Storage  
164 
Appendix B: Excel Models for All Cases 
 
Base Case 
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Heat Loss Case 
 
 Compressed Air Energy Storage  
172 
 
University of Pennsylvania 
173 
 
 Compressed Air Energy Storage  
174 
 
University of Pennsylvania 
175 
 
 Compressed Air Energy Storage  
176 
 
  
University of Pennsylvania 
177 
Single Stage Turbine Case 
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Gas Turbine Case 
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Appendix C: Heat Exchanger Block Reports 
 
Base Case: HTX-101 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            383.979         383.979         0.00000     
       MASS(LB/HR   )            10079.4         10079.4         0.00000     
       ENTHALPY(BTU/HR  )      -0.112523E+08   -0.112523E+08    0.165535E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED HOT OUTLET TEMP      
     SPECIFIED VALUE                F                      100.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
 
                        ***  OVERALL RESULTS  *** 
 
   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   AIRIN     ----->|                HOT                 |-----> AIROUT   
   T=  2.7648D+02  |                                    |       T=  1.0000D+02 
   P=  4.6746D+01  |                                    |       P=  4.6746D+01 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   |                                    | 
   WATEROUT  <-----|                COLD                |<----- WATERIN  
   T=  2.7300D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR              354695.5082 
     CALCULATED (REQUIRED) AREA     SQFT                   229.4120 
     ACTUAL EXCHANGER AREA          SQFT                   229.4120 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R             34341.5266 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                       10.3285 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           VAP                             | HOT OUT  
 ------> |                                                           |------> 
  276.5  |                                                           |  100.0 
         |                                                           | 
 COLDOUT |                           LIQ                             | COLDIN   
 <------ |                                                           |<------ 
  273.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1     354695.508       229.4120      10.3285   149.6937       34341.5266 
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Base Case: HTX-102 
 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            383.968         383.968         0.00000     
       MASS(LB/HR   )            10079.2         10079.2         0.00000     
       ENTHALPY(BTU/HR  )      -0.112044E+08   -0.112044E+08    0.664966E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED HOT OUTLET TEMP      
     SPECIFIED VALUE                F                      100.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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                        ***  OVERALL RESULTS  *** 
 
   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   AIRIN     ----->|                HOT                 |-----> AIROUT   
   T=  2.9948D+02  |                                    |       T=  1.0000D+02 
   P=  1.4865D+02  |                                    |       P=  1.4865D+02 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   |                                    | 
   WATEROUT  <-----|                COLD                |<----- WATERIN  
   T=  2.9600D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR              401178.2639 
     CALCULATED (REQUIRED) AREA     SQFT                   259.3862 
     ACTUAL EXCHANGER AREA          SQFT                   259.3862 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R             38828.4702 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                       10.3321 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           VAP                             | HOT OUT  
 ------> |                                                           |------> 
  299.5  |                                                           |  100.0 
         |                                                           | 
 COLDOUT |                           LIQ                             | COLDIN   
 <------ |                                                           |<------ 
  296.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1     401178.264       259.3862      10.3321   149.6937       38828.4702 
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Base Case: HTX-103 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            383.968         383.968         0.00000     
       MASS(LB/HR   )            10079.2         10079.2         0.00000     
       ENTHALPY(BTU/HR  )      -0.112044E+08   -0.112044E+08    0.664966E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED HOT OUTLET TEMP      
     SPECIFIED VALUE                F                      100.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
 
                        ***  OVERALL RESULTS  *** 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   AIRIN     ----->|                HOT                 |-----> AIROUT   
   T=  2.9948D+02  |                                    |       T=  1.0000D+02 
   P=  4.7270D+02  |                                    |       P=  4.7270D+02 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   |                                    | 
   WATEROUT  <-----|                COLD                |<----- WATERIN  
   T=  2.9600D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR              401178.2639 
     CALCULATED (REQUIRED) AREA     SQFT                   259.3862 
     ACTUAL EXCHANGER AREA          SQFT                   259.3862 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R             38828.4701 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                       10.3321 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           VAP                             | HOT OUT  
 ------> |                                                           |------> 
  299.5  |                                                           |  100.0 
         |                                                           | 
 COLDOUT |                           LIQ                             | COLDIN   
 <------ |                                                           |<------ 
  296.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1     401178.264       259.3862      10.3321   149.6937       38828.4701 
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Base Case: HTX-104 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            383.968         383.968         0.00000     
       MASS(LB/HR   )            10079.2         10079.2         0.00000     
       ENTHALPY(BTU/HR  )      -0.112044E+08   -0.112044E+08    0.664966E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED HOT OUTLET TEMP      
     SPECIFIED VALUE                F                      100.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
 
                        ***  OVERALL RESULTS  *** 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   AIRIN     ----->|                HOT                 |-----> AIROUT   
   T=  2.9948D+02  |                                    |       T=  1.0000D+02 
   P=  1.5032D+03  |                                    |       P=  1.5032D+03 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   |                                    | 
   WATEROUT  <-----|                COLD                |<----- WATERIN  
   T=  2.9600D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR              401178.2639 
     CALCULATED (REQUIRED) AREA     SQFT                   259.3862 
     ACTUAL EXCHANGER AREA          SQFT                   259.3862 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R             38828.4700 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                       10.3321 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           VAP                             | HOT OUT  
 ------> |                                                           |------> 
  299.5  |                                                           |  100.0 
         |                                                           | 
 COLDOUT |                           LIQ                             | COLDIN   
 <------ |                                                           |<------ 
  296.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1     401178.264       259.3862      10.3321   149.6937       38828.4700 
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Base Case: HTX-105 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            1957.93         1957.93         0.00000     
       MASS(LB/HR   )            51082.3         51082.3         0.00000     
       ENTHALPY(BTU/HR  )      -0.608054E+08   -0.608054E+08     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED COLD OUTLET TEMP     
     SPECIFIED VALUE                F                      285.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
 
                        ***  OVERALL RESULTS  *** 
University of Pennsylvania 
193 
 
   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   WATERIN   ----->|                HOT                 |-----> WATEROUT 
   T=  2.9025D+02  |                                    |       T=  8.1800D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   |                                    | 
   AIROUT    <-----|                COLD                |<----- AIRIN    
   T=  2.8500D+02  |                                    |       T=  8.0000D+01 
   P=  1.5000D+03  |                                    |       P=  1.5000D+03 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR             2059851.5453 
     CALCULATED (REQUIRED) AREA     SQFT                  4269.4927 
     ACTUAL EXCHANGER AREA          SQFT                  4269.4927 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R            639115.9679 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                        3.2230 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           LIQ                             | HOT OUT  
 ------> |                                                           |------> 
  290.2  |                                                           |   81.8 
         |                                                           | 
 COLDOUT |                           VAP                             | COLDIN   
 <------ |                                                           |<------ 
  285.0  |                                                           |   80.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1    2059851.545      4269.4927       3.2230   149.6937      639115.9679 
  
 Compressed Air Energy Storage  
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Base Case: HTX-106 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            1958.62         1958.62         0.00000     
       MASS(LB/HR   )            51094.7         51094.7         0.00000     
       ENTHALPY(BTU/HR  )      -0.609167E+08   -0.609167E+08     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED COLD OUTLET TEMP     
     SPECIFIED VALUE                F                      285.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   WATERIN   ----->|                HOT                 |-----> WATEROUT 
   T=  2.9025D+02  |                                    |       T=  7.8804D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   |                                    | 
   AIROUT    <-----|                COLD                |<----- AIRIN    
   T=  2.8500D+02  |                                    |       T=  7.7000D+01 
   P=  4.7170D+02  |                                    |       P=  4.7170D+02 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR             2089886.8918 
     CALCULATED (REQUIRED) AREA     SQFT                  4327.7865 
     ACTUAL EXCHANGER AREA          SQFT                  4327.7865 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R            647842.1791 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                        3.2259 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           LIQ                             | HOT OUT  
 ------> |                                                           |------> 
  290.2  |                                                           |   78.8 
         |                                                           | 
 COLDOUT |                           VAP                             | COLDIN   
 <------ |                                                           |<------ 
  285.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1    2089886.892      4327.7865       3.2259   149.6937      647842.1791 
  
 Compressed Air Energy Storage  
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Base Case: HTX-107 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            1958.62         1958.62         0.00000     
       MASS(LB/HR   )            51094.7         51094.7         0.00000     
       ENTHALPY(BTU/HR  )      -0.609167E+08   -0.609167E+08     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED COLD OUTLET TEMP     
     SPECIFIED VALUE                F                      285.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
 
                        ***  OVERALL RESULTS  *** 
University of Pennsylvania 
197 
 
   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   WATERIN   ----->|                HOT                 |-----> WATEROUT 
   T=  2.9025D+02  |                                    |       T=  7.8804D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   |                                    | 
   AIROUT    <-----|                COLD                |<----- AIRIN    
   T=  2.8500D+02  |                                    |       T=  7.7000D+01 
   P=  1.4870D+02  |                                    |       P=  1.4870D+02 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR             2089886.8918 
     CALCULATED (REQUIRED) AREA     SQFT                  4327.7794 
     ACTUAL EXCHANGER AREA          SQFT                  4327.7794 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R            647841.1249 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                        3.2259 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           LIQ                             | HOT OUT  
 ------> |                                                           |------> 
  290.2  |                                                           |   78.8 
         |                                                           | 
 COLDOUT |                           VAP                             | COLDIN   
 <------ |                                                           |<------ 
  285.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1    2089886.892      4327.7794       3.2259   149.6937      647841.1249 
  
 Compressed Air Energy Storage  
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Base Case: HTX-108 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            1958.62         1958.62         0.00000     
       MASS(LB/HR   )            51094.7         51094.7         0.00000     
       ENTHALPY(BTU/HR  )      -0.609167E+08   -0.609167E+08     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED COLD OUTLET TEMP     
     SPECIFIED VALUE                F                      285.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   WATERIN   ----->|                HOT                 |-----> WATEROUT 
   T=  2.9025D+02  |                                    |       T=  7.8804D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   |                                    | 
   AIROUT    <-----|                COLD                |<----- AIRIN    
   T=  2.8500D+02  |                                    |       T=  7.7000D+01 
   P=  1.4870D+02  |                                    |       P=  1.4870D+02 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR             2089886.8918 
     CALCULATED (REQUIRED) AREA     SQFT                  4327.7794 
     ACTUAL EXCHANGER AREA          SQFT                  4327.7794 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R            647841.1249 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                        3.2259 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           LIQ                             | HOT OUT  
 ------> |                                                           |------> 
  290.2  |                                                           |   78.8 
         |                                                           | 
 COLDOUT |                           VAP                             | COLDIN   
 <------ |                                                           |<------ 
  285.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1    2089886.892      4327.7794       3.2259   149.6937      647841.1249 
  
 Compressed Air Energy Storage  
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Heat Loss Case: HTX-101 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            458.150         458.150         0.00000     
       MASS(LB/HR   )            12026.4         12026.4         0.00000     
       ENTHALPY(BTU/HR  )      -0.134260E+08   -0.134260E+08     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED HOT OUTLET TEMP      
     SPECIFIED VALUE                F                      100.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   AIRIN     ----->|                HOT                 |-----> AIROUT   
   T=  2.7648D+02  |                                    |       T=  1.0000D+02 
   P=  4.6746D+01  |                                    |       P=  4.6746D+01 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   |                                    | 
   WATEROUT  <-----|                COLD                |<----- WATERIN  
   T=  2.7300D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR              423208.1462 
     CALCULATED (REQUIRED) AREA     SQFT                   273.6462 
     ACTUAL EXCHANGER AREA          SQFT                   273.6462 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R             40963.1072 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                       10.3314 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           VAP                             | HOT OUT  
 ------> |                                                           |------> 
  276.5  |                                                           |  100.0 
         |                                                           | 
 COLDOUT |                           LIQ                             | COLDIN   
 <------ |                                                           |<------ 
  273.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1     423208.146       273.6462      10.3314   149.6937       40963.1072 
  
 Compressed Air Energy Storage  
202 
Heat Loss Case: HTX-102 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            458.135         458.135         0.00000     
       MASS(LB/HR   )            12026.1         12026.1         0.00000     
       ENTHALPY(BTU/HR  )      -0.133687E+08   -0.133687E+08     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED HOT OUTLET TEMP      
     SPECIFIED VALUE                F                      100.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   AIRIN     ----->|                HOT                 |-----> AIROUT   
   T=  2.9948D+02  |                                    |       T=  1.0000D+02 
   P=  1.4865D+02  |                                    |       P=  1.4865D+02 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   |                                    | 
   WATEROUT  <-----|                COLD                |<----- WATERIN  
   T=  2.9600D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR              478669.4655 
     CALCULATED (REQUIRED) AREA     SQFT                   309.4959 
     ACTUAL EXCHANGER AREA          SQFT                   309.4959 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R             46329.5771 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                       10.3318 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           VAP                             | HOT OUT  
 ------> |                                                           |------> 
  299.5  |                                                           |  100.0 
         |                                                           | 
 COLDOUT |                           LIQ                             | COLDIN   
 <------ |                                                           |<------ 
  296.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1     478669.466       309.4959      10.3318   149.6937       46329.5771 
 
  
 Compressed Air Energy Storage  
204 
Heat Loss Case: HTX-103 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            458.135         458.135         0.00000     
       MASS(LB/HR   )            12026.1         12026.1         0.00000     
       ENTHALPY(BTU/HR  )      -0.133687E+08   -0.133687E+08     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED HOT OUTLET TEMP      
     SPECIFIED VALUE                F                      100.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   AIRIN     ----->|                HOT                 |-----> AIROUT   
   T=  2.9948D+02  |                                    |       T=  1.0000D+02 
   P=  4.7270D+02  |                                    |       P=  4.7270D+02 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   |                                    | 
   WATEROUT  <-----|                COLD                |<----- WATERIN  
   T=  2.9600D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR              478669.4655 
     CALCULATED (REQUIRED) AREA     SQFT                   309.4959 
     ACTUAL EXCHANGER AREA          SQFT                   309.4959 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R             46329.5771 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                       10.3318 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           VAP                             | HOT OUT  
 ------> |                                                           |------> 
  299.5  |                                                           |  100.0 
         |                                                           | 
 COLDOUT |                           LIQ                             | COLDIN   
 <------ |                                                           |<------ 
  296.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1     478669.466       309.4959      10.3318   149.6937       46329.5771 
 
  
 Compressed Air Energy Storage  
206 
Heat Loss Case: HTX-104 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            458.135         458.135         0.00000     
       MASS(LB/HR   )            12026.1         12026.1         0.00000     
       ENTHALPY(BTU/HR  )      -0.133687E+08   -0.133687E+08     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED HOT OUTLET TEMP      
     SPECIFIED VALUE                F                      100.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   AIRIN     ----->|                HOT                 |-----> AIROUT   
   T=  2.9948D+02  |                                    |       T=  1.0000D+02 
   P=  1.5032D+03  |                                    |       P=  1.5032D+03 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   |                                    | 
   WATEROUT  <-----|                COLD                |<----- WATERIN  
   T=  2.9600D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR              478669.4655 
     CALCULATED (REQUIRED) AREA     SQFT                   309.4959 
     ACTUAL EXCHANGER AREA          SQFT                   309.4959 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R             46329.5769 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                       10.3318 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           VAP                             | HOT OUT  
 ------> |                                                           |------> 
  299.5  |                                                           |  100.0 
         |                                                           | 
 COLDOUT |                           LIQ                             | COLDIN   
 <------ |                                                           |<------ 
  296.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1     478669.466       309.4959      10.3318   149.6937       46329.5769 
 
  
 Compressed Air Energy Storage  
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Heat Loss Case: HTX-105 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            2302.47         2302.47         0.00000     
       MASS(LB/HR   )            60343.7         60343.7         0.00000     
       ENTHALPY(BTU/HR  )      -0.696450E+08   -0.696450E+08     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED COLD OUTLET TEMP     
     SPECIFIED VALUE                F                      185.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   WATERIN   ----->|                HOT                 |-----> WATEROUT 
   T=  2.0000D+02  |                                    |       T=  7.8800D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   |                                    | 
   AIROUT    <-----|                COLD                |<----- AIRIN    
   T=  1.8500D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+03  |                                    |       P=  1.5000D+03 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR             1291952.7802 
     CALCULATED (REQUIRED) AREA     SQFT                  1386.2945 
     ACTUAL EXCHANGER AREA          SQFT                  1386.2945 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R            207519.4907 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                        6.2257 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           LIQ                             | HOT OUT  
 ------> |                                                           |------> 
  200.0  |                                                           |   78.8 
         |                                                           | 
 COLDOUT |                           VAP                             | COLDIN   
 <------ |                                                           |<------ 
  185.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1    1291952.780      1386.2945       6.2257   149.6937      207519.4907 
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Heat Loss Case: HTX-106 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            2341.16         2341.16         0.00000     
       MASS(LB/HR   )            61040.5         61040.5         0.00000     
       ENTHALPY(BTU/HR  )      -0.752037E+08   -0.752037E+08    0.198144E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED COLD OUTLET TEMP     
     SPECIFIED VALUE                F                      185.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   WATERIN   ----->|                HOT                 |-----> WATEROUT 
   T=  2.0000D+02  |                                    |       T=  3.9600D+00 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   |                                    | 
   AIROUT    <-----|                COLD                |<----- AIRIN    
   T=  1.8500D+02  |                                    |       T=  2.1600D+00 
   P=  4.7170D+02  |                                    |       P=  4.7170D+02 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR             2185500.6164 
     CALCULATED (REQUIRED) AREA     SQFT                  2345.0850 
     ACTUAL EXCHANGER AREA          SQFT                  2345.0850 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R            351044.3422 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                        6.2257 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           LIQ                             | HOT OUT  
 ------> |                                                           |------> 
  200.0  |                                                           |    4.0 
         |                                                           | 
 COLDOUT |                           VAP                             | COLDIN   
 <------ |                                                           |<------ 
  185.0  |                                                           |    2.2 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1    2185500.616      2345.0850       6.2257   149.6937      351044.3422 
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Heat Loss Case: HTX-107 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            2341.16         2341.16         0.00000     
       MASS(LB/HR   )            61040.5         61040.5         0.00000     
       ENTHALPY(BTU/HR  )      -0.752037E+08   -0.752037E+08    0.198144E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED COLD OUTLET TEMP     
     SPECIFIED VALUE                F                      185.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   WATERIN   ----->|                HOT                 |-----> WATEROUT 
   T=  2.0000D+02  |                                    |       T=  3.9600D+00 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   |                                    | 
   AIROUT    <-----|                COLD                |<----- AIRIN    
   T=  1.8500D+02  |                                    |       T=  2.1600D+00 
   P=  1.4870D+02  |                                    |       P=  1.4870D+02 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR             2185500.6164 
     CALCULATED (REQUIRED) AREA     SQFT                  2345.0848 
     ACTUAL EXCHANGER AREA          SQFT                  2345.0848 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R            351044.3117 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                        6.2257 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           LIQ                             | HOT OUT  
 ------> |                                                           |------> 
  200.0  |                                                           |    4.0 
         |                                                           | 
 COLDOUT |                           VAP                             | COLDIN   
 <------ |                                                           |<------ 
  185.0  |                                                           |    2.2 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1    2185500.616      2345.0848       6.2257   149.6937      351044.3117 
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Heat Loss Case: HTX-108 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            458.135         458.135         0.00000     
       MASS(LB/HR   )            12026.1         12026.1         0.00000     
       ENTHALPY(BTU/HR  )      -0.133687E+08   -0.133687E+08     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED HOT OUTLET TEMP      
     SPECIFIED VALUE                F                      100.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   AIRIN     ----->|                HOT                 |-----> AIROUT   
   T=  2.9948D+02  |                                    |       T=  1.0000D+02 
   P=  1.5032D+03  |                                    |       P=  1.5032D+03 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   |                                    | 
   WATEROUT  <-----|                COLD                |<----- WATERIN  
   T=  2.9600D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR              478669.4655 
     CALCULATED (REQUIRED) AREA     SQFT                   309.4959 
     ACTUAL EXCHANGER AREA          SQFT                   309.4959 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R             46329.5769 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                       10.3318 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           VAP                             | HOT OUT  
 ------> |                                                           |------> 
  299.5  |                                                           |  100.0 
         |                                                           | 
 COLDOUT |                           LIQ                             | COLDIN   
 <------ |                                                           |<------ 
  296.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1     478669.466       309.4959      10.3318   149.6937       46329.5769 
 
  
 Compressed Air Energy Storage  
216 
Single Stage Turbine Case: HTX-101 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            615.213         615.213         0.00000     
       MASS(LB/HR   )            16149.3         16149.3         0.00000     
       ENTHALPY(BTU/HR  )      -0.180287E+08   -0.180287E+08   -0.206631E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED HOT OUTLET TEMP      
     SPECIFIED VALUE                F                      100.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   AIRIN     ----->|                HOT                 |-----> AIROUT   
   T=  2.7648D+02  |                                    |       T=  1.0000D+02 
   P=  4.6746D+01  |                                    |       P=  4.6746D+01 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   |                                    | 
   WATEROUT  <-----|                COLD                |<----- WATERIN  
   T=  2.7300D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR              568293.0108 
     CALCULATED (REQUIRED) AREA     SQFT                   367.4433 
     ACTUAL EXCHANGER AREA          SQFT                   367.4433 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R             55003.9296 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                       10.3319 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           VAP                             | HOT OUT  
 ------> |                                                           |------> 
  276.5  |                                                           |  100.0 
         |                                                           | 
 COLDOUT |                           LIQ                             | COLDIN   
 <------ |                                                           |<------ 
  273.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1     568293.011       367.4433      10.3319   149.6937       55003.9296 
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Single Stage Turbine Case: HTX-102 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            615.193         615.193         0.00000     
       MASS(LB/HR   )            16148.9         16148.9         0.00000     
       ENTHALPY(BTU/HR  )      -0.179518E+08   -0.179518E+08   -0.207517E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED HOT OUTLET TEMP      
     SPECIFIED VALUE                F                      100.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   AIRIN     ----->|                HOT                 |-----> AIROUT   
   T=  2.9948D+02  |                                    |       T=  1.0000D+02 
   P=  1.4865D+02  |                                    |       P=  1.4865D+02 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   |                                    | 
   WATEROUT  <-----|                COLD                |<----- WATERIN  
   T=  2.9600D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR              642767.6646 
     CALCULATED (REQUIRED) AREA     SQFT                   415.5893 
     ACTUAL EXCHANGER AREA          SQFT                   415.5893 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R             62211.0751 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                       10.3320 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           VAP                             | HOT OUT  
 ------> |                                                           |------> 
  299.5  |                                                           |  100.0 
         |                                                           | 
 COLDOUT |                           LIQ                             | COLDIN   
 <------ |                                                           |<------ 
  296.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1     642767.665       415.5893      10.3320   149.6937       62211.0751 
 
  
 Compressed Air Energy Storage  
220 
Single Stage Turbine Case: HTX-103 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            615.193         615.193         0.00000     
       MASS(LB/HR   )            16148.9         16148.9         0.00000     
       ENTHALPY(BTU/HR  )      -0.179518E+08   -0.179518E+08   -0.207517E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED HOT OUTLET TEMP      
     SPECIFIED VALUE                F                      100.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   AIRIN     ----->|                HOT                 |-----> AIROUT   
   T=  2.9948D+02  |                                    |       T=  1.0000D+02 
   P=  4.7271D+02  |                                    |       P=  4.7271D+02 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   |                                    | 
   WATEROUT  <-----|                COLD                |<----- WATERIN  
   T=  2.9600D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR              642767.6646 
     CALCULATED (REQUIRED) AREA     SQFT                   415.5893 
     ACTUAL EXCHANGER AREA          SQFT                   415.5893 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R             62211.0750 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                       10.3320 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           VAP                             | HOT OUT  
 ------> |                                                           |------> 
  299.5  |                                                           |  100.0 
         |                                                           | 
 COLDOUT |                           LIQ                             | COLDIN   
 <------ |                                                           |<------ 
  296.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1     642767.665       415.5893      10.3320   149.6937       62211.0750 
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Single Stage Turbine Case: HTX-104 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            615.193         615.193         0.00000     
       MASS(LB/HR   )            16148.9         16148.9         0.00000     
       ENTHALPY(BTU/HR  )      -0.179518E+08   -0.179518E+08   -0.207517E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED HOT OUTLET TEMP      
     SPECIFIED VALUE                F                      100.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   AIRIN     ----->|                HOT                 |-----> AIROUT   
   T=  2.9948D+02  |                                    |       T=  1.0000D+02 
   P=  1.5032D+03  |                                    |       P=  1.5032D+03 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   |                                    | 
   WATEROUT  <-----|                COLD                |<----- WATERIN  
   T=  2.9600D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR              642767.6646 
     CALCULATED (REQUIRED) AREA     SQFT                   415.5893 
     ACTUAL EXCHANGER AREA          SQFT                   415.5893 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R             62211.0749 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                       10.3320 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           VAP                             | HOT OUT  
 ------> |                                                           |------> 
  299.5  |                                                           |  100.0 
         |                                                           | 
 COLDOUT |                           LIQ                             | COLDIN   
 <------ |                                                           |<------ 
  296.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1     642767.665       415.5893      10.3320   149.6937       62211.0749 
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Single Stage Turbine Case: HTX-105 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            5316.30         5316.30         0.00000     
       MASS(LB/HR   )            121105.         121105.         0.00000     
       ENTHALPY(BTU/HR  )      -0.355927E+09   -0.355927E+09     0.00000     
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED COLD OUTLET TEMP     
     SPECIFIED VALUE                F                      285.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   WATERIN   ----->|                HOT                 |-----> WATEROUT 
   T=  2.9025D+02  |                                    |       T=  2.4263D+02 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   |                                    | 
   AIROUT    <-----|                COLD                |<----- AIRIN    
   T=  2.8500D+02  |                                    |       T=  1.0000D+02 
   P=  1.5000D+03  |                                    |       P=  1.5000D+03 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR             2979402.1970 
     CALCULATED (REQUIRED) AREA     SQFT                   478.3901 
     ACTUAL EXCHANGER AREA          SQFT                   478.3901 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R             71611.9582 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                       41.6048 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           LIQ                             | HOT OUT  
 ------> |                                                           |------> 
  290.2  |                                                           |  242.6 
         |                                                           | 
 COLDOUT |                           VAP                             | COLDIN   
 <------ |                                                           |<------ 
  285.0  |                                                           |  100.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1    2979402.197       478.3901      41.6048   149.6937       71611.9582 
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Gas Turbine Case: HTX-101 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            112.217         112.217         0.00000     
       MASS(LB/HR   )            2945.67         2945.67         0.00000     
       ENTHALPY(BTU/HR  )      -0.328847E+07   -0.328847E+07    0.141604E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED HOT OUTLET TEMP      
     SPECIFIED VALUE                F                      100.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   AIRIN     ----->|                HOT                 |-----> AIROUT   
   T=  2.7648D+02  |                                    |       T=  1.0000D+02 
   P=  4.6746D+01  |                                    |       P=  4.6746D+01 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   |                                    | 
   WATEROUT  <-----|                COLD                |<----- WATERIN  
   T=  2.7300D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR              103658.3332 
     CALCULATED (REQUIRED) AREA     SQFT                    67.0313 
     ACTUAL EXCHANGER AREA          SQFT                    67.0313 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R             10034.1652 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                       10.3305 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           VAP                             | HOT OUT  
 ------> |                                                           |------> 
  276.5  |                                                           |  100.0 
         |                                                           | 
 COLDOUT |                           LIQ                             | COLDIN   
 <------ |                                                           |<------ 
  273.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1     103658.333        67.0313      10.3305   149.6937       10034.1652 
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Gas Turbine Case: HTX-102 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            112.213         112.213         0.00000     
       MASS(LB/HR   )            2945.61         2945.61         0.00000     
       ENTHALPY(BTU/HR  )      -0.327443E+07   -0.327443E+07    0.426634E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED HOT OUTLET TEMP      
     SPECIFIED VALUE                F                      100.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   AIRIN     ----->|                HOT                 |-----> AIROUT   
   T=  2.9948D+02  |                                    |       T=  1.0000D+02 
   P=  1.4865D+02  |                                    |       P=  1.4865D+02 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   |                                    | 
   WATEROUT  <-----|                COLD                |<----- WATERIN  
   T=  2.9600D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR              117242.7312 
     CALCULATED (REQUIRED) AREA     SQFT                    75.8133 
     ACTUAL EXCHANGER AREA          SQFT                    75.8133 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R             11348.7752 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                       10.3309 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           VAP                             | HOT OUT  
 ------> |                                                           |------> 
  299.5  |                                                           |  100.0 
         |                                                           | 
 COLDOUT |                           LIQ                             | COLDIN   
 <------ |                                                           |<------ 
  296.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1     117242.731        75.8133      10.3309   149.6937       11348.7752 
 
  
 Compressed Air Energy Storage  
230 
Gas Turbine Case: HTX-103 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            112.213         112.213         0.00000     
       MASS(LB/HR   )            2945.61         2945.61         0.00000     
       ENTHALPY(BTU/HR  )      -0.327443E+07   -0.327443E+07    0.426634E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED HOT OUTLET TEMP      
     SPECIFIED VALUE                F                      100.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   AIRIN     ----->|                HOT                 |-----> AIROUT   
   T=  2.9948D+02  |                                    |       T=  1.0000D+02 
   P=  4.7270D+02  |                                    |       P=  4.7270D+02 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   |                                    | 
   WATEROUT  <-----|                COLD                |<----- WATERIN  
   T=  2.9600D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR              117242.7312 
     CALCULATED (REQUIRED) AREA     SQFT                    75.8133 
     ACTUAL EXCHANGER AREA          SQFT                    75.8133 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R             11348.7752 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                       10.3309 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           VAP                             | HOT OUT  
 ------> |                                                           |------> 
  299.5  |                                                           |  100.0 
         |                                                           | 
 COLDOUT |                           LIQ                             | COLDIN   
 <------ |                                                           |<------ 
  296.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1     117242.731        75.8133      10.3309   149.6937       11348.7752 
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Gas Turbine Case: HTX-104 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             WATERIN  
   OUTLET STREAM:            WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            112.213         112.213         0.00000     
       MASS(LB/HR   )            2945.61         2945.61         0.00000     
       ENTHALPY(BTU/HR  )      -0.327443E+07   -0.327443E+07    0.426634E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED HOT OUTLET TEMP      
     SPECIFIED VALUE                F                      100.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
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   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   AIRIN     ----->|                HOT                 |-----> AIROUT   
   T=  2.9948D+02  |                                    |       T=  1.0000D+02 
   P=  1.5032D+03  |                                    |       P=  1.5032D+03 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   |                                    | 
   WATEROUT  <-----|                COLD                |<----- WATERIN  
   T=  2.9600D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+02  |                                    |       P=  1.5000D+02 
   V=  0.0000D+00  |                                    |       V=  0.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR              117242.7312 
     CALCULATED (REQUIRED) AREA     SQFT                    75.8133 
     ACTUAL EXCHANGER AREA          SQFT                    75.8133 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R             11348.7752 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                       10.3309 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           VAP                             | HOT OUT  
 ------> |                                                           |------> 
  299.5  |                                                           |  100.0 
         |                                                           | 
 COLDOUT |                           LIQ                             | COLDIN   
 <------ |                                                           |<------ 
  296.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1     117242.731        75.8133      10.3309   149.6937       11348.7752 
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Gas Turbine Case: HTX-105 
 
 BLOCK:  HTX      MODEL: HEATX            
 ----------------------------- 
   HOT SIDE: 
   --------- 
   INLET STREAM:             EXIN     
   OUTLET STREAM:            EXOUT    
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
   COLD SIDE: 
   ---------- 
   INLET STREAM:             AIRIN    
   OUTLET STREAM:            AIROUT   
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            5754.75         5754.75         0.00000     
       MASS(LB/HR   )            167031.         167031.         0.00000     
       ENTHALPY(BTU/HR  )      -0.353956E+08   -0.353956E+08    0.210495E-15 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             11733.6      LB/HR            
    PRODUCT STREAMS CO2E          11733.6      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
 
   FLASH SPECS FOR HOT SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLASH SPECS FOR COLD SIDE: 
   TWO    PHASE      FLASH 
   MAXIMUM NO. ITERATIONS                                   30 
   CONVERGENCE TOLERANCE                                     0.000100000 
 
   FLOW DIRECTION AND SPECIFICATION: 
     COUNTERCURRENT   HEAT EXCHANGER 
     SPECIFIED COLD OUTLET TEMP     
     SPECIFIED VALUE                F                      900.0000 
     LMTD CORRECTION FACTOR                                  1.00000 
 
   PRESSURE SPECIFICATION: 
     HOT  SIDE PRESSURE DROP        PSI                      0.0000 
     COLD SIDE PRESSURE DROP        PSI                      0.0000 
 
   HEAT TRANSFER COEFFICIENT SPECIFICATION: 
     HOT LIQUID    COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD LIQUID      BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD 2-PHASE     BTU/HR-SQFT-R          149.6937 
     HOT LIQUID    COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT 2-PHASE   COLD VAPOR       BTU/HR-SQFT-R          149.6937 
     HOT VAPOR     COLD VAPOR       BTU/HR-SQFT-R          149.6937 
 
                        ***  OVERALL RESULTS  *** 
University of Pennsylvania 
235 
 
   STREAMS: 
                   -------------------------------------- 
                   |                                    | 
   EXIN      ----->|                HOT                 |-----> EXOUT    
   T=  1.0130D+03  |                                    |       T=  9.5420D+02 
   P=  1.4700D+01  |                                    |       P=  1.4700D+01 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   |                                    | 
   AIROUT    <-----|                COLD                |<----- AIRIN    
   T=  9.0000D+02  |                                    |       T=  7.7000D+01 
   P=  1.5000D+03  |                                    |       P=  1.5000D+03 
   V=  1.0000D+00  |                                    |       V=  1.0000D+00 
                   -------------------------------------- 
 
   DUTY AND AREA: 
     CALCULATED HEAT DUTY           BTU/HR             2486972.0704 
     CALCULATED (REQUIRED) AREA     SQFT                    44.5530 
     ACTUAL EXCHANGER AREA          SQFT                    44.5530 
     PER CENT OVER-DESIGN                                    0.0000 
 
   HEAT TRANSFER COEFFICIENT: 
     AVERAGE COEFFICIENT (DIRTY)    BTU/HR-SQFT-R          149.6937 
     UA (DIRTY)                     BTU/HR-R              6669.2958 
 
   LOG-MEAN TEMPERATURE DIFFERENCE: 
     LMTD CORRECTION FACTOR                                  1.0000 
     LMTD (CORRECTED)               F                      372.8987 
     NUMBER OF SHELLS IN SERIES                               1 
 
   PRESSURE DROP: 
     HOTSIDE, TOTAL                 PSI                      0.0000 
     COLDSIDE, TOTAL                PSI                      0.0000 
 
                        ***  ZONE RESULTS  *** 
 
   TEMPERATURE LEAVING EACH ZONE: 
 
                                     HOT  
         ------------------------------------------------------------- 
         |                                                           | 
 HOT IN  |                           VAP                             | HOT OUT  
 ------> |                                                           |------> 
 1013.0  |                                                           |  954.2 
         |                                                           | 
 COLDOUT |                           VAP                             | COLDIN   
 <------ |                                                           |<------ 
  900.0  |                                                           |   77.0 
         |                                                           | 
         ------------------------------------------------------------- 
                                     COLD 
 
   ZONE HEAT TRANSFER AND AREA: 
 
   ZONE       HEAT DUTY       AREA       LMTD       AVERAGE U       UA 
              BTU/HR          SQFT        F         BTU/HR-SQFT-R   BTU/HR-R         
     1    2486972.070        44.5530     372.8987   149.6937        6669.2958 
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Appendix D: Water Pump Block Reports 
 
Base Case: P-101 
 
 BLOCK:  P1       MODEL: PUMP             
 ---------------------------- 
   INLET STREAM:          WATERIN  
   OUTLET STREAM:         WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            2051.60         2051.60         0.00000     
       MASS(LB/HR   )            36960.1         36960.1         0.00000     
       ENTHALPY(BTU/HR  )      -0.243659E+09   -0.243655E+09   -0.157451E-04 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
    OUTLET PRESSURE  PSIA                                 175.000       
    PUMP EFFICIENCY                                         0.82000     
    DRIVER EFFICIENCY                                       1.00000     
 
    FLASH SPECIFICATIONS: 
    LIQUID PHASE CALCULATION 
    NO FLASH PERFORMED 
    MAXIMUM NUMBER OF ITERATIONS                            30 
    TOLERANCE                                               0.000100000 
 
                           ***  RESULTS  *** 
    VOLUMETRIC FLOW RATE  CUFT/HR                         680.007       
    PRESSURE CHANGE  PSI                                   25.0000      
    NPSH AVAILABLE   FT-LBF/LB                            244.622       
    FLUID POWER  HP                                         1.23638     
    BRAKE POWER  HP                                         1.50778     
    ELECTRICITY  KW                                         1.12435     
    PUMP EFFICIENCY USED                                    0.82000     
    NET WORK REQUIRED  HP                                   1.50778     
    HEAD DEVELOPED FT-LBF/LB                               66.2342      
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Base Case: P-102 
 
 BLOCK:  P1       MODEL: PUMP             
 ---------------------------- 
   INLET STREAM:          WATERIN  
   OUTLET STREAM:         WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            379.200         379.200         0.00000     
       MASS(LB/HR   )            6831.39         6831.39         0.00000     
       ENTHALPY(BTU/HR  )      -0.465930E+08   -0.465891E+08   -0.854771E-04 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
    OUTLET PRESSURE  PSIA                                 175.000       
    PUMP EFFICIENCY                                         0.82000     
    DRIVER EFFICIENCY                                       1.00000     
 
    FLASH SPECIFICATIONS: 
    LIQUID PHASE CALCULATION 
    NO FLASH PERFORMED 
    MAXIMUM NUMBER OF ITERATIONS                            30 
    TOLERANCE                                               0.000100000 
 
                           ***  RESULTS  *** 
    VOLUMETRIC FLOW RATE  CUFT/HR                         110.094       
    PRESSURE CHANGE  PSI                                  160.300       
    NPSH AVAILABLE   FT-LBF/LB                             33.0469      
    FLUID POWER  HP                                         1.28349     
    BRAKE POWER  HP                                         1.56524     
    ELECTRICITY  KW                                         1.16720     
    PUMP EFFICIENCY USED                                    0.82000     
    NET WORK REQUIRED  HP                                   1.56524     
    HEAD DEVELOPED FT-LBF/LB                              372.005       
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Heat Loss Case: P-101 
 
 BLOCK:  P1       MODEL: PUMP             
 ---------------------------- 
   INLET STREAM:          WATERIN  
   OUTLET STREAM:         WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            2426.10         2426.10         0.00000     
       MASS(LB/HR   )            43706.9         43706.9         0.00000     
       ENTHALPY(BTU/HR  )      -0.292594E+09   -0.292590E+09   -0.145891E-04 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
    OUTLET PRESSURE  PSIA                                 175.000       
    PUMP EFFICIENCY                                         0.82000     
    DRIVER EFFICIENCY                                       1.00000     
 
    FLASH SPECIFICATIONS: 
    LIQUID PHASE CALCULATION 
    NO FLASH PERFORMED 
    MAXIMUM NUMBER OF ITERATIONS                            30 
    TOLERANCE                                               0.000100000 
 
                           ***  RESULTS  *** 
    VOLUMETRIC FLOW RATE  CUFT/HR                         756.621       
    PRESSURE CHANGE  PSI                                   25.0000      
    NPSH AVAILABLE   FT-LBF/LB                            345.202       
    FLUID POWER  HP                                         1.37568     
    BRAKE POWER  HP                                         1.67765     
    ELECTRICITY  KW                                         1.25103     
    PUMP EFFICIENCY USED                                    0.82000     
    NET WORK REQUIRED  HP                                   1.67765     
    HEAD DEVELOPED FT-LBF/LB                               62.3206      
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Heat Loss Case: P-102 
 
 BLOCK:  P1       MODEL: PUMP             
 ---------------------------- 
   INLET STREAM:          WATERIN  
   OUTLET STREAM:         WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            452.500         452.500         0.00000     
       MASS(LB/HR   )            8151.91         8151.91         0.00000     
       ENTHALPY(BTU/HR  )      -0.555996E+08   -0.555948E+08   -0.854771E-04 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
    OUTLET PRESSURE  PSIA                                 175.000       
    PUMP EFFICIENCY                                         0.82000     
    DRIVER EFFICIENCY                                       1.00000     
 
    FLASH SPECIFICATIONS: 
    LIQUID PHASE CALCULATION 
    NO FLASH PERFORMED 
    MAXIMUM NUMBER OF ITERATIONS                            30 
    TOLERANCE                                               0.000100000 
 
                           ***  RESULTS  *** 
    VOLUMETRIC FLOW RATE  CUFT/HR                         131.375       
    PRESSURE CHANGE  PSI                                  160.300       
    NPSH AVAILABLE   FT-LBF/LB                             33.0469      
    FLUID POWER  HP                                         1.53159     
    BRAKE POWER  HP                                         1.86780     
    ELECTRICITY  KW                                         1.39282     
    PUMP EFFICIENCY USED                                    0.82000     
    NET WORK REQUIRED  HP                                   1.86780     
    HEAD DEVELOPED FT-LBF/LB                              372.005       
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Single Stage Turbine Case: P-101 
 
 BLOCK:  P1       MODEL: PUMP             
 ---------------------------- 
   INLET STREAM:          WATERIN  
   OUTLET STREAM:         WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            3000.00         3000.00         0.00000     
       MASS(LB/HR   )            54045.8         54045.8         0.00000     
       ENTHALPY(BTU/HR  )      -0.356296E+09   -0.356291E+09   -0.157451E-04 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
    OUTLET PRESSURE  PSIA                                 175.000       
    PUMP EFFICIENCY                                         0.82000     
    DRIVER EFFICIENCY                                       1.00000     
 
    FLASH SPECIFICATIONS: 
    LIQUID PHASE CALCULATION 
    NO FLASH PERFORMED 
    MAXIMUM NUMBER OF ITERATIONS                            30 
    TOLERANCE                                               0.000100000 
 
                           ***  RESULTS  *** 
    VOLUMETRIC FLOW RATE  CUFT/HR                         994.356       
    PRESSURE CHANGE  PSI                                   25.0000      
    NPSH AVAILABLE   FT-LBF/LB                            244.622       
    FLUID POWER  HP                                         1.80792     
    BRAKE POWER  HP                                         2.20478     
    ELECTRICITY  KW                                         1.64411     
    PUMP EFFICIENCY USED                                    0.82000     
    NET WORK REQUIRED  HP                                   2.20478     
    HEAD DEVELOPED FT-LBF/LB                               66.2342      
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Single Stage Turbine Case: P-102 
 
 BLOCK:  P1       MODEL: PUMP             
 ---------------------------- 
   INLET STREAM:          WATERIN  
   OUTLET STREAM:         WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            608.000         608.000         0.00000     
       MASS(LB/HR   )            10953.3         10953.3         0.00000     
       ENTHALPY(BTU/HR  )      -0.747061E+08   -0.746998E+08   -0.854771E-04 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
    OUTLET PRESSURE  PSIA                                 175.000       
    PUMP EFFICIENCY                                         0.82000     
    DRIVER EFFICIENCY                                       1.00000     
 
    FLASH SPECIFICATIONS: 
    LIQUID PHASE CALCULATION 
    NO FLASH PERFORMED 
    MAXIMUM NUMBER OF ITERATIONS                            30 
    TOLERANCE                                               0.000100000 
 
                           ***  RESULTS  *** 
    VOLUMETRIC FLOW RATE  CUFT/HR                         176.522       
    PRESSURE CHANGE  PSI                                  160.300       
    NPSH AVAILABLE   FT-LBF/LB                             33.0469      
    FLUID POWER  HP                                         2.05792     
    BRAKE POWER  HP                                         2.50966     
    ELECTRICITY  KW                                         1.87145     
    PUMP EFFICIENCY USED                                    0.82000     
    NET WORK REQUIRED  HP                                   2.50966     
    HEAD DEVELOPED FT-LBF/LB                              372.005       
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Gas Turbine Case: P-101 
 
 BLOCK:  P1       MODEL: PUMP             
 ---------------------------- 
   INLET STREAM:          WATERIN  
   OUTLET STREAM:         WATEROUT 
   PROPERTY OPTION SET:   IDEAL     IDEAL LIQUID / IDEAL GAS                     
 
                      ***  MASS AND ENERGY BALANCE  *** 
                                    IN              OUT        RELATIVE DIFF. 
    TOTAL BALANCE 
       MOLE(LBMOL/HR)            110.800         110.800         0.00000     
       MASS(LB/HR   )            1996.09         1996.09         0.00000     
       ENTHALPY(BTU/HR  )      -0.136142E+08   -0.136130E+08   -0.854771E-04 
 
                      ***  CO2 EQUIVALENT SUMMARY *** 
    FEED STREAMS CO2E             0.00000      LB/HR            
    PRODUCT STREAMS CO2E          0.00000      LB/HR            
    NET STREAMS CO2E PRODUCTION   0.00000      LB/HR            
    UTILITIES CO2E PRODUCTION     0.00000      LB/HR            
    TOTAL CO2E PRODUCTION         0.00000      LB/HR            
 
                          ***  INPUT DATA  *** 
    OUTLET PRESSURE  PSIA                                 175.000       
    PUMP EFFICIENCY                                         0.82000     
    DRIVER EFFICIENCY                                       1.00000     
 
    FLASH SPECIFICATIONS: 
    LIQUID PHASE CALCULATION 
    NO FLASH PERFORMED 
    MAXIMUM NUMBER OF ITERATIONS                            30 
    TOLERANCE                                               0.000100000 
 
                           ***  RESULTS  *** 
    VOLUMETRIC FLOW RATE  CUFT/HR                          32.1687      
    PRESSURE CHANGE  PSI                                  160.300       
    NPSH AVAILABLE   FT-LBF/LB                             33.0469      
    FLUID POWER  HP                                         0.37503     
    BRAKE POWER  HP                                         0.45735     
    ELECTRICITY  KW                                         0.34105     
    PUMP EFFICIENCY USED                                    0.82000     
    NET WORK REQUIRED  HP                                   0.45735     
    HEAD DEVELOPED FT-LBF/LB                              372.005       
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Appendix E: Material Safety Data Sheets 
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Appendix F: Sample Heat Exchanger Calculation 
 
Case 1 – HX1 
Known: 
Air flow rate: 287.97 LBMOL/HR 
Inlet air temp: T = 276.5ºF 
Outlet air temp: T = 100 ºF 
Inlet water temp: T = 77ºF 
Outlet water temp: T = 273ºF 
U = 149.7 BTU/HR-SQFT-R 
Unknown: 
Water flow rate:  
A, area 
UA 
Heat Duty 
 
Equations: 
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Appendix G: Thermodynamic Properties of Ideal Gas 
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